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 Evidence accumulated over recent decades has implicated age-specific mortality as a 
critical factor shaping life histories, particularly with respect to mortality of dependent offspring. 
Altricial songbirds provide a practical system to examine associations among variation in life 
histories and offspring mortality as nest and post-fledging account for the vast majority of 
offspring mortalities. My research examined associations between juvenile mortality and traits 
(morphological and behavioral) across the nesting and post-fledging period in a community of 
songbirds to provide greater insight into how age-specific mortality shapes avian ecology and 
life history evolution.  Specifically, my research sought to (1) test for potential pre- to post-
fledging carryover effects under a morphology-performance-fitness paradigm; (2) evaluate 
nesting and post-fledging survival rates to provide a greater understanding as to when and why 
juvenile songbirds leave the nest; and (3) determine if carryover effects occur in brood parasitic 
cowbirds. I found evidence for pre- to post-fledging carryover effects of wing development in all 
species I examined, with individuals with less developed wings exhibiting poorer flight ability 
and experiencing higher rates of mortality after fledging. I also found that carryover effects 
operating at the species level ultimately help shape patterns of life-history variation among 
species; species with higher rates of nest predation had shorter nestling periods, fledged young 
with less developed wings, and exhibited higher rates of mortality. Additionally, these carryover 
effects translated to and have the potential to inform host quality and selection in the brood 
parasitic Brown-headed Cowbird (Molothrus ater). Lastly, my comparisons of nesting and post-
fledging survival suggest that parent-offspring conflict mediates the timing of fledging across 
songbird species. Ultimately, my results demonstrate the importance of age-specific mortality in 
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CHAPTER 1: GENERAL INTRODUCTION 
Understanding associations among life history traits and fitness is a cornerstone of 
evolutionary ecology (Roff 1992). The majority of past research seeking to explain life history 
variation has focused on energy limitations, fecundity, and prenatal/postnatal growth rates 
(reviewed by Roff 1992, Ricklefs 2000, Martin 2004). While such studies have provided 
important insights into life history evolution, evidence accumulated over recent decades has 
implicated age-specific mortality as a critical factor shaping life histories (Law 1979, Crowl and 
Covich 1990, Reznick et al. 1990, Martin 2004, Martin 2014). Age-specific mortality of young 
offspring, in particular, appears to strongly influence expression of life history traits across many 
taxa (Roff 1992, Martin and Briskie 2009, Martin 2015). Indeed, early life history stages—when 
juveniles are often in periods of transition—are frequently associated with high rates of juvenile 
mortality (Jones et al. 2017); during which time juveniles are often underdeveloped and 
inexperienced, making them more susceptible to sources of mortality (Roff 1992). Under such 
circumstances, variation in phenotypic traits affecting juvenile survival may be subject to intense 
selection (Clutton-Brock 1988). Thus, by determining evolutionary and ecological drivers of 
juvenile survival, we may enhance our understanding of links among selective pressures, 
juvenile developmental processes, and expression of life history traits (Remeš and Matysioková 
2016, Jones et al. 2017).  
 Altricial songbirds provide a practical system to examine associations among variation in 
life histories and offspring mortality as nest and post-fledging mortality account for the vast 
majority of offspring mortalities (Cox et al. 2014); suggesting mortality rates act as important 
forms of natural selection in avian reproductive systems (Martin 2015).  Furthermore, studies on 




for communities of species inhabiting the same geographic region(s) (e.g. Lloyd and Martin 
2016). Avian traits also exhibit considerable heritability and genetic variation (Mousseau and 
Roff 1987), strengthening inferences derived from studies examining the influence of juvenile 
traits on rates of mortality (Martin and Briskie 2009). 
Of the two early life stages, the post-fledging period may be the most critical as high 
rates of juvenile mortality are often observed (Maness and Anderson 2013, Cox et al. 2014, 
Remeš and Matysioková 2016, Naef-Daenzer and Grüebler 2016), particularly during the 
subsequent days or weeks after fledging—known as the “post-fledging bottleneck” (Naef-
Daenzer and Grüebler 2016). High mortality rates during the early post-fledging period are likely 
the result of juveniles being underdeveloped and relatively immobile upon leaving the nest 
(Cheng and Martin 2012, Martin 2015), making them susceptible to sources of post-fledging 
mortality (predation and exposure to adverse environmental conditions; Anders et al. 1997, King 
et al. 2006, Yackel Adams et al. 2006, Ausprey and Rodewald 2011, Jones et al. 2017). Many 
life history models propose that selection during concentrated periods of age-specific mortality 
can drive evolution of reproductive systems (Law 1979, Reznick et al. 1990, Martin 2004). High 
rates of mortality in young fledglings therefore suggest that events of the post-fledging period 
may play a significant role in shaping avian life histories (Remeš and Matysioková 2016).  
Additionally, post-fledging mortality plays a key role in the dynamics and stability of avian 
populations (Anders et al. 1997, Anders and Marshall 2005, Cox et al. 2014). Furthering our 
understanding of patters and drivers of differential mortality during the post-fledging period may 





 To obtain a more comprehensive understanding of how avian post-fledging ecology 
influences evolution of life histories, however, the events of the nestling stage must also be 
considered (Martin 2015, Jones et al. 2017). Variation in the development of juvenile traits (e.g. 
relative body mass, body condition, wing length, wing development) up to fledging are 
influenced by factors during the nesting stage such as parental provisioning performance, 
ambient temperatures, predation risk, and food quality and abundance (Remes and Martin 2002, 
Searcy et al. 2004, Brouwer et al. 2014, Wada et al. 2015). If the relative stage of phenotypic 
trait development at fledging influences post-fledging survival, then fledgling survival is 
expected to be, in part, a function of carryover effects from the nestling phase (“pre- to post-
fledging carryover effects”; Jones et al. 2017). Carryover effects are well documented across 
other stages of songbird life histories (e.g. wintering to breeding season; Marra et al. 1998, Robb 
et al. 2008, Risely et al. 2013), however, studies have only recently recognized the potential role 
of pre- to post-fledging carryover effects in the context of avian life history evolution (Martin 
2014, Martin 2015, Naef-Daenzer and Grüebler 2016, Jones et al. 2017).   
My research seeks to provide greater insight into the role of age-specific mortality and 
pre- to post-fledging carryover effects in driving life history variation among songbird species, 
including their brood parasitic hosts. Specifically, the goals of my research were to (1) test for 
potential pre- to post-fledging carryover effects under the morphology-performance-fitness 
paradigm; (2) evaluate nesting and post-fledging survival rates to provide a greater 
understanding as to when and why juvenile songbirds leave the nest; and (3) determine if 
carryover effects occur in and inform adaptive host selection in brood parasitic cowbirds. In 
Chapters 2 and 3, I investigated the potential for pre- to post-fledging carryover effects using 




offspring morphologies and an ecologically relevant measure of performance (flight ability) 
within and among species (Jones et al. 2020a). Second, I applied morphology-performance 
relationships to my carryover effect framework to examine links between songbird nest mortality 
risk, nestling period length, trait development, and post-fledging survival (Jones and Ward 
2020). In Chapter 4, I spearheaded a collaborative effort involving colleagues from the 
University of Illinois at Urbana-Champaign, University of Florida, Florida Fish and Wildlife 
Research Institute, Massachusetts Division of Fisheries and Wildlife, University of Tennessee, 
Arkansas State University, State University of New York, Indiana University of Pennsylvania, 
and the Cornell Lab of Ornithology to provide greater insight into the role of parent-offspring 
conflict in driving when and why songbird offspring leave their nests by comparing nesting and 
post-fledging mortality rates across species (Jones et al. 2020b). Lastly, in Chapter 5 I examined 
whether pre- to post-fledging carryover effects found among songbirds translates to and drives 
life history variation seen among offspring of the brood parasitic Brown-headed Cowbird.  
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CHAPTER 2: DOES THE SIZE AND DEVELOPMENTAL STAGE OF TRAITS AT 
FLEDGING REFLECT JUVENILE FLIGHT ABILITY AMONG SONGBIRDS?1 
Abstract 
Morphological traits can influence the ability of animals to perform ecologically relevant 
tasks that are essential for their growth, survival, and fitness. Understanding such links in 
juvenile animals is of particular importance, as periods of juvenile life are often associated with 
high rates of mortality and can be critical with respect to evolution of life histories and viability 
of populations. To study such links, an important first step is to assess relationships between 
juvenile morphologies and measures of performance. Altricial songbirds can provide novel 
insights into morphology-performance relationships owing to the high locomotor demand placed 
on juveniles after they leave the nest. Therefore, we examined the relationships between the size 
and developmental stage of juvenile traits and juvenile flight ability among 13 co-existing 
songbirds in east-central Illinois. Among potential traits, we focused on relationships between 
flight ability and four measures of wing development at fledging as well as two body measures 
thought to reflect an individual’s overall quality and musculature.  Among measures of wing 
development, wing emergence was the strongest, most consistent predictor of ability within and 
among species. Relative wing length and wing emergence-loading were often good predictors of 
flight ability as well, while relative-wing loading was rarely a good predictor. Estimates of body 
mass and body condition were poor, inconsistent predictors of flight ability both within and 
among species. Our results highlight the importance of wing development for flight performance 
 
1
This chapter has been published in Functional Ecology. Throughout this chapter I have retained the plural form to 
remain consistent with the published version. Full citation: Jones, T. M., T. J. Benson, and M. P. Ward. 2020. Does 
the size and developmental stage of traits at fledging reflect juvenile flight ability among songbirds? Functional 





of juvenile songbirds. Furthermore, our evaluation of different wing characteristics suggests that 
the importance of macro-scale transmissivity and wing/disc loading toward flight ability changes 
with respect to juvenile ontogeny. Though mass likely interacts with wing characteristics in 
determining flight ability, our results suggest that body mass and condition are likely reflective 
of other, non-flight measures of fledgling performance. Few studies on altricial songbirds have 
examined morphology-performance relationships in juveniles. By linking wing emergence with 
juvenile flight ability, our research has taken a first step in assessing the adaptive significance of 
variation in wing development for juvenile songbirds.  
Introduction 
The ability of animals to perform ecologically relevant tasks is essential for their survival, 
growth, and reproduction (Irschick 2002). Studies providing measures or estimates of functional 
performance in animals are therefore important as they provide critical links between traits, 
ecology, and overall fitness (Arnold, 1983). Consequently, animal studies on trait-performance 
relationships have been a cornerstone of evolutionary ecology over the past 40 years (Law et al., 
2018), providing important insights into how variation in traits affect measures of performance 
(Irschick, 2002; Irschick, 2003). Among potential traits influencing performance are 
morphological traits reflecting the size, shape, and developmental stage of the animal body 
(Irschick, 2002). Though performance is complicated by other factors, such physical aspects 
provide an important foundation for predicting how animals with different morphologies perform 
relevant tasks (Arnold, 1983; Lagarde et al, 2018). As such, consideration of variation in 
morphology can improve our understanding of the underlying mechanisms driving variation in 




Improving our understanding of morphology-performance relationships in juvenile 
animals is of particular importance, as periods of juvenile life are often associated with high rates 
of mortality and can be critical with respect to evolution of life histories and viability of 
populations (e.g. Eckert, 1987; Landberg & Azizi, 2010; Cox, Thompson, & Faaborg, 2014). 
Among measures of juvenile performance, locomotor ability is often thought to be the most 
relevant for juveniles as it should reflect their ability to evade predation, their primary source of 
mortality (Carrier, 1996; Eckert, 1987; Landberg & Azizi, 2010; Cox, Thompson, & Faaborg, 
2014). Additionally, juveniles often suffer higher rates of predation than adults (Arnold & 
Wassersug, 1978), suggesting selection for improved locomotor performance is stronger in 
juveniles. Consequently, ecologists have shown great interest in relationships between juvenile 
morphologies and locomotor performance across a variety of taxa (e.g. toads, Goater, Semlitsch, 
& Bernasconi, 1993; anoles, Ischick et al., 2005; lizards, Miles, 2004; salamanders, Landberg & 
Azizi, 2010; garter snakes, Jayne & Bennett, 1990).  
Altricial songbirds provide novel opportunities to gain insight into morphology-
performance relationships owing to the high locomotor demand placed on juveniles after they 
leave the nest. Upon fledging, young songbirds enter the post-fledging period, a critical life stage 
characterized by high rates of mortality during the first days or week(s) after leaving the nest (the 
“post-fledging bottleneck”; Naef-Daenzer & Grüebler, 2016). Like juveniles of other taxa, the 
primary source of fledgling mortality is predation (Cox, Thompson, & Faaborg, 2014; Naef-
Daenzer & Grüebler, 2016) and fledgling locomotor abilities are thought to play a critical role in 
an individual’s ability to evade predators (Carrier 1996). The quality of juvenile morphologies 
upon leaving the nest may therefore carryover into the post-fledging period, influencing 




Ward, Benson, & Brawn, 2017). Avian species also show considerable variation in the age and 
developmental stage in which they fledge the nest (Ricklefs, 1968; Martin, 2015), further 
enabling ecologists to assess how variation in morphologies translates to performance and 
survival. Additionally, post-fledging mortality rates are also thought to play a critical role in 
dynamics of avian populations (Anders & Marshall, 2005; Cox, Thompson, & Faaborg, 2014) 
and in shaping avian life histories (Remeš & Matysioková, 2016). Researchers have therefore 
been eager to investigate links between variation in juvenile morphologies at fledging and 
subsequent performance and survival during the post-fledging period. However, while past 
research has commonly documented associations between morphologies (e.g. tarsus length, 
mass, body condition, wing length) and post-fledging survival (e.g. Naef-Daenzer, Widmer, & 
Nuber, 2001; Vitz & Rodewald, 2011; Jones, Ward, Benson, & Brawn, 2017; Martin, Tobalske, 
Riordan, Case, & Dial, 2018), few studies have examined relationships between the same traits 
and measures of performance (Martin, Tobalske, Riordan, Case, & Dial, 2018). The lack of 
documented associations among juvenile morphologies and functional performance therefore 
represents a missing link between fledgling morphologies and survival during the post-fledging 
period.   
Fledgling songbirds exhibit two primary means of locomotion during the post-fledging 
period, aerial and cursorial (Heers & Dial 2015). Of the two modes, a fledgling’s aerial 
locomotion or flight ability should provide a more effective means of evading predators, while 
also aiding in cursorial locomotion (Dial, Randall & Dial, 2006). Therefore, juvenile 
morphologies at fledging could influence flight ability during the post-fledging period, and 
ultimately, survival. To study these links and determine which morphologies are adaptive for 




ability. We examined the relationship between the size and development stage of juvenile 
morphologies at fledging and flight ability among 13 songbird species of east-central Illinois, 
USA. Of potential morphological traits, we focused on those thought to be most important for 
survival based on post-fledging literature (reviewed in Cox, Thompson, & Faaborg, 2014; Naef-
Daenzer & Grüebler, 2016). Though we examined other traits, we focused on characteristics of 
juvenile wings as they are the primary means by which birds achieve flight. Specifically, we 
looked at two measures of wing development, relative wing length (% if average adult wing 
length) and wing emergence (the degree to which primary feathers have emerged from their 
shafts). Bird wings also interact with body mass when achieving the uplift force necessary for 
flight (e.g. wing or disc loading; Epting & Casey, 1973; Rayner, 1979). We therefore examined 
two additional wing metrics reflecting interactions between our “raw” wing metrics and juvenile 
body mass. Additionally, we examined the body mass and body condition of juveniles at 
fledging, as such morphological traits are thought to reflect an individual’s overall quality, 
musculature (e.g. wing musculature; Veasey, Houston, & Metcalfe, 2000) and/or condition (e.g. 
Vitz & Rodewald, 2011; Jones, Ward, Benson, & Brawn, 2017).  
Materials and Methods 
Study species and sampling juveniles 
We studied juvenile trait-performance relationships in 13 songbird species (see 
Supplemental Table 2.1 for list) breeding in east-central Illinois, USA (~40°N) from 2017 to 
2018. From April through August of each year, we searched for and located open cup nests and 
monitored ~100 nest boxes established by ourselves and the Middlefork Audubon Society at 
Kennekuk Country Park, just north of Danville, IL. We checked nests every 3 to 6 days (average 




all nestlings on the day of fledging, banding them with a U.S. Geological Survey metal band, 
weighing them (±0.01 g), and taking wing length (“unflattened” wing chord; ±0.5 mm) and 
tarsus length (±0.01 mm) measurements. Sometimes we sampled nestlings on multiple days if 
they stayed past the predicted day of fledging, or if nestlings had fledged before we arrived at the 
nest we searched for and captured them in the surrounding vegetation. We sampled juveniles on 
the day of fledging because the size and developmental stage of morphologies that juveniles 
leave the nest with should affect their performance in evading predators during the post-fledging 
period. All measurements were done by the same researcher (TMJ). 
Photographing juvenile wings for wing emergence and estimates of other traits 
We quantified an “index of wing emergence” via methods in Jones et al. (2017). We 
photographed the extended right wing of each captured nestling using a Fujifilm Finepix HS 20 
digital camera. Because juvenile wing coverts often obscured the location of primary pin feathers 
on the dorsal side of the wing, we flipped fledglings to their ventral side and pinned their wing 
between a gray standard backdrop and a clear acrylic sheet (Supplemental Fig. 2.1). This allowed 
us to hold the nestling and its wing in place while photographing the underside of the wing, 
where the location of primary pin feathers is not obscured. We derived estimates of wing 
emergence from photos by first using the measurement tool in ImageJ (1997-2015) to estimate 
the proportion of the feather emerged from the pin relative to the entire length of the feather 
(emerged + pin; Supplemental Fig. 2.2) for all primary feathers. For each individual, we then 
derived a final value of wing emergence by averaging emergence estimates across all primaries. 
More information on the method is provided in the supplemental information. We estimated 
relative wing length and relative mass (for among species analyses) by dividing each individual’s 




system and studies cited in the Birds of North America Online (in cases where we had small or 
no sample size for adults; Rodewald, 2015). We used estimates from studies that were most 
relevant to our study region where possible. 
We estimated body condition for each juvenile using the scaled mass index (SMI) in Peig 
and Green (2009). We used individual measurements of mass and tarsus as our body mass and 
linear body measurements respectively, and the arithmetic mean of tarsus as our L0. The SMI 
computes the mass each individual would have at our fixed L0 (“corrects” for body size) which 
has been validated in other species/taxa as being correlated with individual body components 
(e.g. fat, protein, water etc.; Peig and Green, 2009). Individuals with greater values are therefore 
predicted to be in better body condition. We note that traditional indices (e.g. residuals of a mass 
× tarsus regression) approximated the scaled index in our study system (r > 0.85). Thus, results 
regarding our body condition index are representative of both scaled and traditional indices. 
Wing/disc loading in birds is usually estimated by dividing an individual’s mass by some 
estimate of wing length or area (Rayner, 1979). While we were unable to estimate wing area, we 
created proxies for wing loading by dividing a juvenile’s relative mass by each of our wing 
development metrics. In this way our “emergence-loading” and “relative wing-loading” metrics 
reflect the interaction between the lift provided by the wings and the mass being lifted. Also, by 
using relative body mass our metrics are comparable within and among species.  
Juvenile performance estimates 
For each captured nestling, we replicated drop tests developed by Martin, Tobalske, 
Riordan, Case, and Dial (2018) to provide estimates of individual flight ability. Drop tests 
consisted of holding a nestling in one hand and a golf ball in the other. We held nestlings in a 




could not hold onto our hands/fingers which could influence their fall). Nestlings and golf balls 
were then dropped from a height of ~1.5 m by researchers opening their hands. We cushioned a 
nestling’s fall by placing a soft pillow below where we dropped them. We digitally recorded 
drop tests with a GoPro 4 video camera set to narrow view, 720p, 120 frames per second, and 
placed roughly 3m directly in front of the drop. Examples of our drop test can be found at: 
https://doi.org/10.13012/B2IDB-2044905_V1. 
Following methods in Martin, Tobalske, Riordan, Case, and Dial (2018), we uploaded 
video recordings and used a custom script (DLTdv5; Hedrick, 2008) in MATLAB (v2017b, The 
Math Works Inc.) to digitize the head of the nestling and center of the ball. Images can become 
distorted toward the edges of a GoPro lens, thus, to minimized unwanted effects of distortions 
we limited our digitizing to the middle 75% of the field of views. Digitized locations of the ball 
and nestling allowed us to first determine their non-scaled velocities (v0, pixels/frame), which 
we then used in a linear regression with respect to frame number to calculate their non-scaled 
accelerations (a0, pixels/frame/frame). To obtain the nestling’s acceleration (anestling) in 
metric units (meters per second squared), we linearly transformed anestling and aball such that aball 
equaled gravitational acceleration (9.8 m s-2). We then derived an estimate of flight ability for 
each nestling as 9.8 m s-2 – anestling, representing the average production of aerodynamic force/lift 
to counteract gravity (sensu Martin, Tobalske, Riordan, Case, & Dial, 2018). Thus, dropping the 
golf ball alongside each nestling ultimately allowed us to produce nestling flight ability estimates 
that are comparable within and among species. Because our flight estimates were ultimately 
bounded by 0 and 9.8, we rescaled them by dividing each estimate by 9.8, such that values fell 




ability. In this way, a value of 1 represents an individual capable of sustained flight (i.e. the bird 
flew away) and a value of 0 represents an individual with no flight ability.  
Statistical analyses 
 To examine the relationships between juvenile traits and flight ability we included a 
combined analysis of all species to examine the overall generality of relationships (hereafter 
‘combined-species’) and also included species-specific analyses. We examined relationships 
between juvenile traits and flight ability using generalized linear mixed models (Proc Glimmix, 
SAS Institute, 1990). For all models, we used a beta distribution (logit link function) with flight 
ability as the response variable and morphological measurements as the independent variable. 
We chose a beta distribution as flight ability was bounded by 0 and 1. Note that for combined-
species models we focused on development of traits (i.e. relative wing length, relative body mass 
reflecting the percent of adult size) as raw values are generally not comparable among species. 
For instance, juveniles for a species may be less developed at fledging but have longer/larger 
morphologies than another species. Additionally, we did not include body condition because 
body condition indices are not comparable among species. For all models (except for the species-
specific model for Brown-headed Cowbird (Molothrus ater)) we included nest ID as a random 
effect to account for non-independence among members of the same brood. Note that for our 
species-specific models relative wing length acts the same as raw wing length. We ranked 
models using Akaike’s Information Criterion accounting for small samples sizes (AICc). We 
based our inferences on AICc differences (Burnham & Anderson, 2002) and whether 95% 
confidence intervals of parameters overlapped zero, and also calculated r2 values for each model 




 For combined-species models we examined potential phylogenetic effects using 
phylogenetic generalized least squares (PGLS) analyses. We obtained a phylogenetic 
(consensus) tree via methods in Burleigh, Kimball, and Braun (2015; Supplemental Fig. 2.3), 
calculated mean parameter values for each species, and conducted a PGLS analyses with the 
Caper (Orme, 2013) package in R v3.5.2 (R Development Core Team) to test for a phylogenetic 
signal (). Unfortunately, our dataset of 13 species did not provide enough information to derive 
a reliable estimate of , which appears common for studies with < 20 species; lower number of 
taxa tend to lack statistical power and may be unable to produce or produce inaccurate estimates 
of phylogenetic signal (Boettiger, Coop, & Ralph, 2012). We therefore specified PGLS models 
with  fixed at 1 (maximum signal) and compared results with our “original” models to examine 
the potential effect of phylogeny on flight ability. Consistent with similar datasets (e.g. Losos, 
2011; Martin, 2015; Martin, Tobalske, Riordan, Case, & Dial, 2018), results from PLGS models 
did not produce results that differed qualitatively in terms of AICc ranking and parameter effects. 
Given that results remained the same and that applying phylogenetic corrections without 
adequate assessment of phylogenetic signal can be inappropriate or misleading (Revell, 2012), 
we deferred to our original analyses when presenting results. Results from PGLS models are 
included in the supplementary material (Supplemental Table 2.1).   
Results 
 Over two field seasons we sampled 995 nestlings of 13 different species (samples sizes 
by species can be found in Table 2.2 and Supplemental Table 2.2). As expected, we found a 
positive relationship between our mass independent wing metrics and juvenile flight ability 
across all species (wing emergence  = 7.52, 95% CI = 6.89 to 8.16; relative wing length  = 




loading and flight ability across species (wing emergence-loading  = -0.75 95% CI = -0.91 to -
0.60; relative wing-loading  = -0.36, 95% CI = -3.09 to -1.63) . We also found a positive 
relationship between relative mass and flight ability ( = 4.22, 95% CI = 3.23 to 5.23), but no 
relationship with raw mass ( = 0.00, 95% CI = -0.02 to 0.01). Among parameters, wing 
emergence best explained nestling flight ability among species based on AICc rank and in the 
amount of flight ability variation explained (r2 = 0.60 vs. ≤0.55 for wing emergence and all other 
parameters respectively; Table 2.1). For species-specific analyses, factors best explaining flight 
ability varied by species. In 9 out of 13 (69%) species examined, wing emergence or wing 
emergence-loading best explained flight ability, while in the remaining 4 species (31%) relative 
wing length was best (Table 2.2). For 3 of 9 cases in which emergence-loading was a better 
predictor than wing emergence, wing emergence was a competing model (<2 AICc difference). 
On average, wing emergence explained 13% more variation in nestling flight ability compared to 
relative wing length. Additionally, we found a significant positive relationship between wing 
emergence and flight ability for all species, but only found a significant association for wing 
emergence-loading in 9 of 12 species, for relative wing length in 10 of 13 species, for relative 
wing-loading in 6 of 12 species, between body condition and flight ability in 2 of 13 species, and 
between mass and flight ability for 1 of 13 species (Table 2.2). 
Discussion 
Results from our study provide clear links between characteristics and development of 
wings and a measure of flight performance in juvenile songbirds. Though all our wing metrics 
demonstrated some power in predicting flight ability within and/or among species, wing 
emergence was by far the strongest and most consistent predictor.  Indeed, wing emergence was 




analysis and 13 species specific analyses), while relative wing length and wing emergence-
loading were the next best predictors at 4 and 3 analyses respectively (Table 2.2). As our top 
metrics reflect characteristics of wing development (length and degree of feather emergence) our 
results implicate wing development as a key trait for fledgling songbirds, impacting juvenile 
flight performance and likely having important impacts on fledging survival and overall fitness 
(e.g. Jones, Ward, Benson, & Brawn, 2017, Martin, Tobalske, Riordan, Case, & Dial, 2018). 
Additionally, the presence of wing emergence-loading as a top predictor suggests that, like adult 
birds (e.g. Nightingale, Richardson, & Barr, 2013), there is some interaction between wing 
characteristics and body mass that helps drive juvenile flight performance. Ultimately, such 
findings are consistent with similar research linking morphological traits to measures of juvenile 
performance in other taxa, such as limb dimensions in toads and jackrabbits (Carrier, 1993; 
Goater, Semlitsch, & Bernasconi, 1993), body size in anoles and snakes (Ischick et al., 2005; 
Jayne & Bennett, 1990), and tail area in salamanders (Landberg & Azizi, 2010). 
Though overall results are mixed, avian ecologists have commonly documented 
associations between estimates of juvenile mass or body condition and post-fledging survival 
(summarized in Maness & Anderson, 2013; Cox, Thompson, & Faaborg, 2014; Naef-Daenzer & 
Grüebler, 2016). Consequently, greater mass or better body condition is thought to provide 
fledglings with superior locomotor skills in evading predators (Vitz & Rodewald, 2011). In 
contrast to these assertions, our results suggest that mass and body condition are poor predictors 
of juvenile flight ability, though we note that our data shows that mass may interact with wing 
characteristics to determine flight ability. This is not to say that mass and body condition are 
unimportant for fledgling survival, however, as such traits may be reflective of other important 




fat reserves, immunocompetence, and/or muscle condition, which may aid in survival against 
cause-specific sources of post-fledging mortality such as exposure (Jones, Ward, Benson, & 
Brawn, 2017; but see Streby et al., 2014), reduce the need to engage in risk-prone behaviors such 
as begging (Naef-Daenzer et al., 2001), or determine the speed at which an individual can get 
airborne (escape velocity; Metcalfe and Ure, 1995; Veasey, Houston, & Metcalfe, 2000). 
Similarly, other traits not examined here may also play a key role in ecologically relevant 
measures of fledging performance. For instance, tarsus length may be a better predictor of 
cursorial locomotor performance and survival in species such as the Brown Thrasher (Toxostoma 
rufum), where fledglings commonly run away from predators/researchers rather than fly, even at 
advanced post-fledging ages (TMJ personal observation). Or the developmental stage and size of 
fledgling eyes may drive the distance and speed in which fledglings detect and react to predators 
(summarized in Rutt et al., 2019). Evaluating potential links between, and interactions among, 
such traits and measures of performance are therefore valuable avenues for future research and 
may ultimately explain why results from post-fledging studies on condition-survival 
relationships have been mixed. 
Our combined-species comparison of wing metrics highlights how the relative 
importance of juvenile trait characteristics can change with respect to ontogeny. Our regression 
analyses revealed a gradient of wing development across our focal species (Fig. 2.1A, 2.1C) that 
acts as a proxy for wing ontogeny and is likely a result of intraspecific variation in fledging ages 
(post-hoc analysis; Supplemental Fig 2.4). Of our two measures of wing development, wing 
emergence was the stronger, more consistent predictor of flight ability across this gradient. 
However, as you move across the gradient from less to more developed fledglings, the predictive 




functional perspective as our measure of wing emergence is likely correlated with macro-scale 
transmissivity, the degree to which air passes through the wing (Dial, Heers, & Tobalske, 2012). 
For birds in early stages of development there are often gaps in the wing due to non-emergent 
regions (Fig. 2.3A) and feathers are likely more porous owing to their microstructure (less 
barbule overlap). Transmissivity is therefore crucial at early developmental stages as it allows 
individuals to gain aerodynamic force to resist gravity and achieve sustained flight (Dial, 
Randall, & Dial, 2006; Dial, Randall, & Dial, 2006). Once individuals reach a stage of ontogeny 
where coverts and flight feathers overlap to form a more solid wing (Fig 2.3B), however, the 
wing length or wing loading should play a greater role as the area swept by the wings should 
become more important in driving flight performance. This is evidenced by positive relationships 
between wing length or wing loading and measures of flight performance in adult birds (e.g. 
Chandler & Mulvihill, 1992; Risely, Nightingale, Richardson, & Barr, 2013). Such results are 
similar to those found in juvenile spotted salamanders (Landberg & Azizi, 2010), where at early 
stages of ontogeny normalized tail area primary drives locomotor performance. At later stages, 
however, the salamanders metamorphose (altering limb and tail shape) and the importance of tail 
area for locomotion greatly decreases. Additionally, the inconsistency in the predictive power of 
relative wing length likely stems in its bias toward individual size, as individuals with poorly 
developed wings often have similar wing lengths but vary markedly in their degree of feather 
emergence. Thus, relative wing length may often over- or underestimate emergence (Fig. 2.3). 
As such, we suggest future research report measures of wing emergence alongside relative wing 
length to ensure evolutionary relationships of interest are not misinterpreted.  
Our study not only provides compelling evidence for the importance of wing 




generalizability of our results. Our 13 focal species are representative of 10 different avian 
families that inhabit a variety of habitats found throughout temperate North American, including 
natural settings such as large grasslands, small meadowlands, shrublands, wetlands, and mature 
forests, as well as anthropogenically disturbed areas such as mowed parklands and residential 
areas.  Furthermore, our research corroborates findings in Martin, Tobalske, Riordan, Case, & 
Dial (2018), where associations among relative wing length and flight ability were found across 
a community of montane forest songbirds in Arizona. As such, our findings may be applicable to 
a broad range of avian communities and habitats of temperate North America. We note, 
however, that it remains unclear whether our results and those of Martin, Tobalske, Riordan, 
Case, & Dial (2018) are applicable to tropical systems. Given the common patterns among 
juvenile growth, age-specific mortality, and age of fledging found in many songbird species 
across the world (e.g. Ricklefs, 1968; Martin, 2015; Remeš & Matysioková, 2016) we suspect 
similar relationships exist. Future research on morphology-performance relationships in tropical 
systems will be needed, however, to confirm our suspicion.    
Conclusions 
Despite the importance of morphology-performance relationships for juvenile fitness, few 
studies on altricial songbirds have examined how size and developmental stage of morphologies 
impact juvenile performance (Martin, Tobalske, Riordan, Case, & Dial, 2018). By identifying 
wing emergence as the key morphology influencing flight ability among juveniles, our research 
has taken a first step in assessing the adaptive significance of wing development for fledgling 
songbirds under the classic morphology-performance-fitness paradigm (Arnold, 1983). Our next 
step is to examine relationships between wing emergence and post-fledging survival within and 




found, then we will further evaluate our data in the context of life history trade-offs. Specifically, 
how age-specific mortality, age at fledging, and feather emergence interact to drive carryover 
effects of wing development from the nesting to post-fledging period both within and among 
species. Ultimately, we hope our research will improve our knowledge of the selective pressures 
juveniles face, and in turn provide important insights and information for life history theories 
regarding clutch-size evolution, energy expenditure, developmental strategies, variation in adult 
phenotypes, and density dependence.  
Data Accessibility 






Tables and Figures 
Table 2.1 Results from models examining metrics predicting juvenile flight ability at fledging 
among 13 species (n=995 nestlings) of grassland/shrubland songbirds in eastern Illinois, USA, 
2017-2018.  
Model ∆AICc wi K  95% CI r2  
aWing Emergence 0 1.00 3 7.52 6.89 to 8.16 0.60  
bRelative Wing Length 50.27 0.00 3 13.58 12.28 to 14.87 0.55  
Wing Emergence-
Loading 295.73 0.00 3 -0.75 -0.91 to -0.6 
0.15  
cRelative Mass 335.03 0.00 3 4.22 3.23 to 5.23 0.12  
Relative Wing-Loading 357.82 0.00 3 -2.36 -3.09 to -1.63 0.12  
Null 396.07 0.00 2 -0.08 -0.25 to 0.08 *  
Mass 397.91 0.00 3 0.00 -0.02 to 0.01 0.02  
aThe average percent emergence of primary feather from their shafts, as determined by digital photography 
bProportion of nestling wing length relative to average adult wing length (% of adult wing length) 





Table 2.2. Results from models examining metrics predicting juvenile flight ability at fledging 
within 13 species (samples size specified below) of grassland/shrubland songbirds in eastern 
Illinois, USA, 2017-2018.  
Model ∆AICc wi K  95% CI r2 
Brown-headed Cowbird (n = 25) 
 
Wing Emergence 0.00 1.00 3 5.43 3.59 to 7.28 0.72 
Relative Wing Length 11.39 0.00 3 7.88 3.31 to 12.45 0.29 
Mass 20.32 0.00 3 0.04 -0.01 to 0.09 0.09 
Wing Emergence-Loading 20.44 0.00 3 -0.46 -1.01 to 0.1 0.12 
Null 20.80 0.00 2 * * * 
Relative Wing-Loading 23.01 0.00 3 0.51 -1.17 to 2.18 0.01 
Body condition 23.21 0.00 3 0.02 -0.08 to 0.12 0.01 
Brown Thrasher (n = 69) 
 
Wing Emergence-Loading 0.00 0.31 3 -0.35 -0.6 to -0.09 0.10 
Wing Emergence 0.12 0.29 3 4.57 1.53 to 7.6 0.14 
Relative Wing-Loading 0.75 0.21 3 -2.63 -4.39 to -0.87 0.15 
Body condition 1.90 0.12 3 -0.08 -0.15 to -0.02 0.10 
Relative Wing Length 3.48 0.05 3 7.43 0.6 to 14.27 0.09 
Null 6.12 0.01 2 * * * 
Mass 7.95 0.01 3 -0.02 -0.07 to 0.03 0.01 
Chipping Sparrow (n = 13) 
 
Relative Wing Length 0.00 0.76 3 16.87 6.77 to 26.96 0.20 
Wing Emergence 3.61 0.13 3 4.67 0.9 to 8.44 0.39 
Wing Emergence-Loading 5.87 0.17 3 -0.77 -1.71 to 0.17 0.23 
Null 5.91 0.04 2 * * * 
Relative Wing-Loading 7.08 0.09 3 -3.61 -7.98 to 0.77 0.19 
Body condition 9.81 0.02 3 -0.39 -1.64 to 0.86 0.03 
Mass 9.98 0.01 3 0.15 -0.53 to 0.84 0.09 
Common Yellowthroat (n = 111) 
 
Wing Emergence-Loading 0.00 0.60 3 -0.36 -0.58 to -0.14 0.12 
Wing Emergence 1.23 0.32 3 2.28 0.85 to 3.71 0.14 
Relative Wing-Loading 4.79 0.05 3 -2.16 -3.87 to -0.45 0.08 
Relative Wing Length 8.63 0.01 3 3.40 -0.64 to 7.43 0.04 
Null 9.29 0.01 2 * * * 
Mass 10.01 0.00 3 -0.17 -0.45 to 0.11 0.01 
Body condition 10.54 0.00 3 -0.10 -0.31 to 0.11 0.01 
Eastern Bluebird (n = 210) 
 
Relative Wing Length 0.00 0.94 3 14.81 8.71 to 20.91 0.16 
Wing Emergence 5.64 0.06 3 10.51 5.68 to 15.35 0.14 
Relative Wing-Loading 10.18 0.01 3 -3.49 -5.38 to -1.61 0.08 
Wing Emergence-Loading 12.12 0.00 3 -2.36 -3.71 to -1 0.08 
Null 21.16 0.00 2 * * * 
Mass 22.34 0.00 3 -0.05 -0.15 to 0.05 0.01 
Body condition 22.84 0.00 3 -0.03 -0.11 to 0.05 0.01 
Eastern Phoebe (n = 36) 
 




Table 2.2 (cont.)       
Model ∆AICc wi K  95% CI r2 
Wing Emergence-Loading 6.82 0.03 3 -4.57 -6.79 to -2.35 0.46 
Relative Wing Length 15.00 0.00 3 11.91 3.65 to 20.17 0.25 
Null 19.21 0.00 2 * * * 
Relative Wing-Loading 19.73 0.00 3 -3.06 -7.42 to 1.13 0.10 
Body condition 21.17 0.00 3 0.10 -0.18 to 0.37 0.11 
Mass 21.28 0.00 3 0.13 -0.26 to 0.52 0.05 
Field Sparrow (n = 106) 
 
Wing Emergence 0.00 0.97 3 3.51 2.3 to 4.72 0.25 
Wing Emergence-Loading 7.78 0.02 3 -0.32 -0.47 to -0.17 0.20 
Relative Wing Length 8.94 0.01 3 8.98 4.96 to 12.99 0.18 
Mass 23.85 0.00 3 0.16 -0.01 to 0.33 0.03 
Null 25.58 0.00 2 * * * 
Relative Wing-Loading 26.87 0.00 3 -0.53 -1.66 to 0.6 0.02 
Body condition 27.74 0.00 3 0.00 -0.15 to 0.15 <0.01 
Gray Catbird (n = 61) 
 
Wing Emergence 0.00 0.96 3 4.72 3.24 to 6.19 0.42 
Wing Emergence-Loading 6.79 0.86 3 -0.52 -0.72 to -0.32 0.29 
Relative Wing Length 10.40 0.01 3 11.08 6.82 to 15.34 0.37 
Relative Wing-Loading 26.48 0.00 3 -2.29 -3.78 to -0.8 0.19 
Null 33.51 0.00 2 * * * 
Body condition 34.92 0.00 3 -0.03 -0.1 to 0.04 0.04 
Mass 35.47 0.00 3 0.02 -0.05 to 0.09 <0.01 
House Wren (n = 125) 
 
Wing Emergence 0.00 0.70 3 11.35 8.19 to 14.51 0.40 
Relative Wing Length 2.58 0.19 3 18.28 13.27 to 23.3 0.34 
Wing Emergence-Loading 3.64 0.11 3 -4.09 -5.3 to -2.88 0.37 
Relative Wing-Loading 23.15 0.00 3 -6.19 -8.67 to -3.721 0.25 
Null 45.08 0.00 2 * * * 
Body condition 45.74 0.00 3 -0.18 -0.47 to 0.11 0.01 
Mass 45.99 0.00 3 -0.22 -0.61 to 0.17 0.01 
Indigo Bunting (n = 54) 
 
Relative Wing Length 0.00 0.44 3 13.38 4.41 to 22.35 0.19 
Wing Emergence 0.91 0.28 3 5.32 1.38 to 9.26 0.17 
Mass 2.49 0.13 3 0.36 0.08 to 0.65 0.09 
Body condition 2.97 0.10 3 0.26 0.04 to 0.48 0.10 
Relative Wing-Loading 5.76 0.02 3 1.55 -1.62 to 4.71 <0.01 
Null 6.72 0.02 2 * * * 
Wing Emergence-Loading 7.29 0.01 3 -0.63 -1.62 to 0.36 0.06 
Northern Cardinal (n = 37) 
 
Wing Emergence-Loading 0.00 0.61 3 -3.62 -6.22 to -1.02 0.21 
Wing Emergence 1.34 0.31 3 6.78 1.28 to 12.27 0.16 
Relative Wing Length 6.09 0.03 3 7.51 -1.73 to 16.74 0.09 
Null 6.35 0.03 2 * * * 




Table 2.2 (cont.)       
Model ∆AICc wi K  95% CI r2 
Mass 8.73 0.01 3 -0.02 -0.11 to 0.08 0.01 
Red-winged Blackbird (n = 13) 
 
Wing Emergence 0.00 0.73 3 11.54 4.12 to 18.97 0.62 
Wing Emergence-Loading 2.38 0.22 3 -2.97 -5.39 to -0.54 0.54 
Null 7.13 0.02 2 * * * 
Mass 8.87 0.01 3 -0.09 -0.23 to 0.05 0.19 
Relative Wing-Loading 9.14 0.01 3 -3.56 -9.71 to 2.6 0.23 
Relative Wing Length 10.40 0.00 3 -7.69 -25.03 to 9.64 0.04 
Body condition 11.29 0.00 3 0.16 -0.29 to 0.61 0.03 
Tree Swallow (n = 135) 
 
Relative Wing Length 0.00 1.00 3 16.76 10.82 to 22.7 0.30 
Wing Emergence 16.18 0.00 3 12.43 5.38 to 19.48 0.18 
Relative Wing-Loading 16.29 0.48 3 -37.97 -58.76 to -17.17 0.14 
Wing Emergence-Loading 24.28 0.02 3 -20.21 -38.52 to -1.89 0.07 
Null 27.14 0.00 2 * * * 
Body condition 29.15 0.00 3 -0.29 -1.91 to 1.33 0.01 
Mass 29.21 0.00 3 -0.22 -1.86 to 1.43 <0.01 
aThe average percent emergence of primary feather from their shafts, as determined by digital photography 
bProportion of nestling wing length relative to average adult wing length (% of adult wing length) 





Supplemental Table 2.1. Results from mixed models corrected for phylogeny (lambda fix at 1) 
examining associations between nestling phenotypes and flight performance at fledging for 13 
songbird species in east-central Illinois, USA, 2017-2018. Results are qualitatively similar to 
models in which phylogeny was not controlled for (e.g. AICc rank and effects) and for models 
assuming a beta distribution, suggesting little to no effect of phylogeny upon associations.  
Model ∆AICc wi K AICc  p-value 
Wing Emergence 0.00 1.00 3 22.14 15.65 <0.001 
Relative Wing Length 26.49 0.00 3 48.63 23.57 <0.001 
Wing Emergence-Loading 29.59 0.00 3 51.73 -2.82 <0.01 
Relative Mass 36.19 0.00 3 58.33 4.67 0.3437 
Null 39.08 0.00 2 61.22 * * 
Relative Wing-Loading 39.87 0.00 3 62.01 -2.68 0.5389 





Supplemental Table 2.2. Summary statistics for wing emergence, relative wing length, and flight performance for 13 songbird 
species breeding in grasslands/shrublands of east-central Illinois, USA, 2017-2018. Standard deviation for wing emergence, relative 
wing length, and flight ability are listed in parentheses.  
Species Alpha 
Code 










Brown-headed Cowbird BHCO Molothrus ater 25 25 0.41 (±0.10) 0.58 (±0.05) 0.24 (±0.11) 
Brown Thrasher BRTH Toxostoma rufum 20 69 0.28 (±0.08) 0.52 (±0.04) 0.10 (±0.08) 
Chipping Sparrow CHSP Spizella passerina 5 13 0.42 (±0.10) 0.58 (±0.05) 0.28 (±0.08) 
Common Yellowthroat COYE Geothlypis trichas 39 111 0.39 (±0.09) 0.62 (±0.03) 0.18 (±0.09) 
Eastern Bluebird EABL Sialia sialis 55 210 0.65 (±0.04) 0.70 (±0.03) 0.62 (±0.31) 
Eastern Phoebe EAPH Sayornis phoebe 10 36 0.60 (±0.07) 0.67 (±0.06) 0.75 (±0.29) 
Field Sparrow FISP Spizella pusilla 37 106 0.34 (±0.12) 0.56 (±0.04) 0.13 (±0.08) 
Gray Catbird GRCA Dumetella carolinensis 20 61 0.35 (±0.10) 0.58 (±0.04) 0.18 (±0.10) 
House Wren HOWR Troglodytes aedon 26 125 0.65 (±0.07) 0.80 (±0.04) 0.67 (±0.28) 
Indigo Bunting INBU Passerina cyanea 23 54 0.54 (±0.07) 0.64 (±0.03) 0.39 (±0.21) 
Northern Cardinal NOCA Cardinalis cardinalis 16 37 0.56 (±0.05) 0.63 (±0.03) 0.42 (±0.19) 
Red-winged Blackbird RWBL Agelaius phoeniceus 7 13 0.49 (±0.11) 0.58 (±0.04) 0.39 (±0.28) 





Figure 2.1. Relationship between juvenile flight ability and wing characteristics among 13 
species (n= 995 nestlings) of grassland/shrubland songbirds breeding in east-central Illinois, 
USA, 2017-2018. Characteristics included (A) wing emergence, (B) wing emergence-loading, 
(C) relative wing length, and (D) relative wing-loading; wing emergence was the best predictor 
among the four metrics.  Each juvenile is represented as a single data point (faded dots); species 
means with 95% confidence intervals superimposed. Wing emergence was quantified using the 
measurement tool in ImageJ to calculate the proportion of the feather emerged from the shaft to 
the entire length of the feather (emerged + shaft) for each primary feather. Emergence values for 
each individual were then averaged to derive a development estimate. Relative wing length was 
calculated by taking the juvenile value and dividing by an average adult wing length per species 
to get a proportion of adult size. Loading metrics were a proxy for wing/disc loading and were 
derived by dividing relative mass (% of adult mass) by each of the original wing metrics (e.g. 






Figure 2.2. Relationship between juvenile flight ability and condition characteristics—(A) 
relative mass, and (B) mass— among 13 species (n= 995 nestlings) of grassland/shrubland 
songbirds breeding in east-central Illinois, USA, 2017-2018. Each juvenile is represented as a 
single data point (faded dots); species means with 95% confidence intervals superimposed. 
Relative mass was calculated by taking the juvenile value and dividing by an average adult mass 





Figure 2.3. Juvenile songbirds which fledge the nest at earlier developmental stages (A) often 
have gaps in the wing due to non-emergent regions as compared to those fledging at later 
developmental stages (B), where coverts and flight feather overlap to form a more solid wing. 
Differences in these wing characteristics likely drive which factors are most important in 
determining fledgling flight ability across phases of wing ontogeny (e.g. macro-scale 







Figure 2.4. At fledging, juvenile songbirds can have identical relative wing lengths (% of adult 
wing length) within (A) and among (B) species but vary in their stage of wing emergence (% of 
feather emergence), which highlights the need for researchers to use estimates of fledgling wing 
quality that are independent of fledgling size. Values for relative wing length (RW) and wing 






Supplemental Figure 2.1. Example of dorsal (left) and ventral (right) wing photographs used to 
quantify wing development of fledgling songbirds in east-central Illinois, USA, 2014-2018.  The 
pins of growing feathers were often obscured by wing coverts when observing a wing from the 















Supplemental Figure 2.2. Digital photographs of wings (right) and photo editing software 
(ImageJ, left) used to quantify wing development of fledgling songbirds in east-central Illinois, 
USA, 2014-2018.  Wing development was estimated by using the measurement tool to calculate 
the proportion of the feather emerged from the pin relative to the entire feather (emerged + pin) 










Supplemental Figure 2.3. Phylogenetic relationships derived from Burleigh et al. (2015) for 13 






Supplemental Figure 2.4. Relationship between age of fledging and two measures of fledgling 
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CHAPTER 3: PRE- TO POST-FLEDGING CARRYOVER EFFECTS AND THE 
ADAPTIVE SIGNIFICANCE OF VARITION IN WING DEVELOPMENT FOR 
JUVENILE SONGBIRDS2 
Abstract 
Evolutionary ecologists have long been interested in the adaptive significance of 
morphological traits across stages of animal life. In some cases, traits that are not adaptive in one 
life stage may be adaptive in a subsequent stage. As such, morphological traits may generate 
important carryover effects, whereby conditions experienced during one life-history stage 
influence fitness during subsequent stages. Carryover effects are particularly relevant in young 
animals, as early life stages are thought to be critical with respect to animal life history evolution 
and population dynamics. In songbirds, pre- to post-fledging carryover effects operating within 
species may be critical for survival and shape life histories among species, but remain poorly 
understood. Among potential songbird traits, wing development and its associated flight ability 
may be the most important for post-fledging survival. Thus, to assess the adaptive significance of 
wing development for juvenile songbirds under Arnold’s 1983 classic performance-morphology-
fitness paradigm, we tested for pre- to post-fledging carryover effects among 20 co-existing 
species (9 focal species) of an avian community in east-central Illinois, USA. We found evidence 
for pre- to post-fledging carryover effects of wing development in all species, by which 
individuals with less developed wings exhibited poorer flight ability and experienced higher rates 
of mortality after fledging. Furthermore, our findings suggest that carryover effects operating at 
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the species level ultimately help shape patterns of life history variation among species. 
Specifically, we found that species with higher rates of nest predation had shorter nestling 
periods, fledged young with less developed wings, and exhibited higher rates of post-fledging 
mortality. Our results highlight the adaptive significance of wing development as a key factor 
generating pre- to post-fledging carryover effects among songbirds, and demonstrate how 
morphological traits, locomotor performance, and age-specific survival may trade-off and 
interact across juvenile life stages to shape animal life histories.  
Introduction 
From proboscis dimensions in insects (Karolyi, Colville, Handschuh, Metscher, & Krenn, 
2014), spiral sexual organs in ducks (Brennan, Clark, & Prum, 2010), to hand digits in primates 
(Mayer et al. 2019), evolutionary ecologists have long been interested in the adaptive 
significance of morphological traits (hereafter also referred to as ‘traits’). A notable finding 
among studies on morphologies is the potential for them to be adaptive in some animal life 
history stages, but not in others. In some cases, the life stage where a trait is adaptive is preceded 
by a stage where it is not. For instance, limb dimensions in juvenile jackrabbits may not be 
adaptive during their time in the nest, but may be critical for locomotor performance and survival 
once they leave (Carrier 1995). As such, morphological traits may help generate so called 
carryover effects, whereby conditions individuals experience in one life-history stage influence 
fitness during subsequent stages (Blomberg, Sedinger, Gibson, Coates, & Casazza, 2014).  Such 
carryover effects have been identified across a wide variety of animal taxa and may provide 
important insights into relationships between environmental conditions and aspects of fitness 




The potential for morphological traits to generate carryover effects is of particular interest 
in juvenile animals, as they face key transitional periods between life stages that are critical with 
respect to recruitment, life history evolution, and viability of animal populations (Martin & 
Briskie 2009). Examples include dispersal of hatchling turtles (Smith, Steen, Conner, & 
Rutledge, 2013), metamorphosis in anurans (Van Allen, Briggs, McCoy, & Vonesh, 2010) 
migration of aquatic vertebrate larva from rearing to adult environments (Saboret & Ingram, 
2019), and nest leaving in mammals (Carrier, 1995). The conditions individuals experience pre-
transition may therefore have a large influence on the development of key traits, generating 
carryover effects which drive subsequent survival and influence variation of animal life histories. 
Consequently, understanding how traits generate carryover effects across juvenile life stages may 
improve our understanding of links among selective pressures, early life development, fitness, 
and variation in life history traits.  
Dating back to Darwin (1859) and his finches, songbirds have commonly served as 
model systems for examining the evolution of adaptive traits and their role in shaping animal life 
histories. Songbirds are a particularly useful system as >70% of juvenile mortality is a result of 
nest and post-fledging mortality (summarized in Martin & Briskie 2009), making robust 
estimates of selection intensity and fitness readily available. Ornithologists have also devised 
clever ways of estimating important aspects of avian performance (e.g. locomotor abilities such 
as running, hopping, swimming, and/or flying; e.g. Hopkins et al. 2011; Martin, Tobalske, 
Riordan, Case, & Dial, 2018). Arnold (1983) has demonstrated that the adaptive significance of 
morphological traits can be determined by examining associations among morphologies, 
estimates of performance, and aspects of fitness. As such, studies on songbirds have the potential 




evaluating all aspects of the morphology-performance-fitness paradigm (Arnold, 1983). 
Furthermore, songbird studies can now provide robust estimates of fitness for communities of 
species inhabiting the same site or geographic region (e.g. Lloyd & Martin, 2016), providing a 
comparative context for interpreting the ultimate consequences of selection upon a variety of 
traits. Avian traits also exhibit considerable heritability and genetic variation (Mousseau & Roff, 
1987), strengthening inferences of evolutionary and ecological relationships among traits, 
performance, and measures of fitness (Martin & Briskie, 2009). To date, however, studies on 
wild songbirds have rarely documented associations among juvenile morphological traits, 
performance, and fitness (but see Martin, Tobalske, Riordan, Case, & Dial, 2018). Consequently, 
while trait-performance-fitness relationships have been extensively studied in juveniles in other 
taxa (e.g., Carrier, 1995; Landberg & Azizi, 2010), such relationships remain largely untested 
and poorly understood in juvenile songbirds.  
  As in other taxa, the primary source of mortality for juvenile songbirds is predation 
(Martin & Briskie, 2009; Naef-Daenzer & Grüebler, 2016). Given the apparent influence of 
juvenile locomotor ability on an individual’s ability to escape predation (Carrier, 1996), 
potentially important determinants of survival in juvenile songbirds may be flight ability and the 
traits underlying it (Martin 2014, Martin 2015). Consequently, wing development may be the 
most important for juvenile songbirds. From a functional perspective, wing characteristics should 
reflect an individual’s flight performance (Jones, Benson, & Ward, 2020) and drive rates of 
survival (Jones, Ward, Benson, & Brawn, 2017). And while wing development may not help 
juveniles confined to the nest environment, it may be critical for avoiding predators once 
individuals have left the nest (Martin, 2015). In particularly, how developed a juvenile’s wings 




week post-fledging where mortality rates are higher than at any other point during juvenile life 
stage (Naef-Daenzer & Grüebler, 2016). If wing development at fledging influences survival 
during the post-fledging period, then fledgling survival should be, in part, a function of carryover 
effects from the nesting stage (“pre- to post-fledging carryover effects”; Jones, Ward, Benson, & 
Brawn, 2017). Factors influencing juvenile development during the nestling stage should 
therefore drive variation in and the adaptive significance of wing development within and among 
songbird species. Among species, the selective pressure exerted by nest predation risk is a key 
evolutionary driver of juvenile development (summarized in Martin, 2014). Indeed, increased 
nest predation pressure can favor reduced exposure to risk through shorter nestling periods 
(Bosque & Bosque, 1995; Roff, Remeš, & Martin, 2005; Martin & Briskie, 2009). If nestling 
period lengths create trade-offs with the developmental stage of juveniles at fledging, then 
species with shorter nestling periods should have less developmental time and fledge offspring at 
earlier developmental stages (Remeš & Matysioková, 2016). Subsequently, variation in 
developmental stages should carryover to the post-fledging period, where species and/or 
individuals fledging with less developed wings should exhibit higher post-fledging mortality 
rates (Martin, 2015; Jones, Ward, Benson, & Brawn, 2017). In short, we predict that the ultimate 
result of selection on variation in juvenile wing development is differential fledgling mortality 
among species: variation in predation risk during the nesting stage should culminate in a gradient 
of juvenile wing development at the point of fledging, which should carryover and drive patterns 
of survival during the post-fledging period (Figure 3.1).  
Our predictions therefore suggest that carryover effects from the pre- to post-fledging 
period may be critical for survival, population viability, and life history evolution, but such 




of 20 co-existing species in east-central Illinois, USA, and a carryover effect framework to assess 
adaptive significance of variation in wing development for juvenile songbirds. Following the 
morphology-performance-fitness paradigm (Arnold, 1983), we broke our assessment into three 
parts: (1) examining the relationship between variation in wing development at fledging and 
juvenile flight performance, (2) examining the relationship between variation in wing 
development and rates of juvenile post-fledging mortality, and (3) where possible, examining the 
relationship between juvenile flight performance and post-fledging mortality. Furthermore, we 
evaluated wing development as a pre- to post-fledging carryover effect by examining 
associations among nest predation risk, nestling period length, and wing development. For 
clarity, we present results from our assessments at both the intra- and interspecific level, 
reflecting the proximate and ultimate results of selection on variation in wing development 
respectively.  
Materials and Methods 
Study areas and focal species 
We studied 20 co-existing passerine species (see Supplemental Table 3.1 for the full 
species list and sample sizes) breeding in the grasslands, shrublands, and forests of east-central 
Illinois, USA (~40°N) from 2014 to 2019. We studied birds in large grasslands for 3 years (2014 
to 2016) and in smaller grasslands, shrublands, and forests for 3 years (2017 to 2019). Flight 
ability was studied for 2 years (2017-2018). Nest predation in passerines species can often vary 
by nest-type, with cavity nests having lower mortality rates and protracted nestling periods 
(Martin & Li, 1992). Thus, we studied both open cup and cavity nests to ensure that we had a 





Nest predation risk 
From April through August of each year, we searched for and located open cup nests by 
systematically searching vegetation and using behavioral cues of adults. Additionally, to study 
cavity nesters we monitored ~100 nest boxes established by ourselves and the Middlefork 
Audubon Society at Kennekuk County Park. To determine nest mortality rates and document the 
length of the nestling period, we checked nests every 3 to 6 days (average 3 for open cup, 5 for 
cavity nests) and every 1 to 2 days as the predicted day of fledging approached. We determined 
the age at which each juvenile fledged by determining the day of hatching (age 0) and counting 
the number of days until a juvenile left the nest. Nestling period length was then derived by 
adding 1 to the age at which each individual fledged and averaging values across all juveniles of 
each species. For nest mortality, we assumed nest failure/predation when all contents of the nest 
(eggs/nestlings) disappeared before the predicted day of fledging and we didn’t observe adults 
feeding fledglings, or when nests had cold eggs or dead nestlings.  
Sampling juveniles and estimating wing development 
We captured and sampled all nestlings on the day of fledging. Nestlings were sampled on 
multiple days if they stayed past the first day they were sampled. Also, if nestlings had fledged 
before we arrived at the nest we searched for and captured them in the surrounding vegetation 
(Martin, Tobalske, Riordan, Case, & Dial, 2018; Jones, Benson, & Ward, 2020). Sampling 
consisted of banding each juvenile with a U.S. Geological Survey metal band, weighing them 
(±0.01 g), measuring their right wing (“unflattened” wing chord; ±0.5 mm), tarsus (±0.01 mm), 
and taking a photo of their extended right wing using a Fujifilm Finepix HS 20 digital camera. 
While capturing nestlings, we did our best to limit the potential effects of force fledging. If 




processing so they could leave on their own time. Placing a bird bag over the nestlings upon 
returning them to the nest, for 5 to 10 minutes, was usually enough to calm them down and for 
them to remain in the nest. Consequently, we had a number of occasions where nestlings were 
force fledged, captured, processed, and then returned to the nest and were re-sampled (in the 
nest) the next day. All juveniles in this study were banded and sampled by the same researcher 
(T. Jones).  
We quantified wing development using the index of wing emergence from Jones, Ward, 
Benson, & Brawn, (2017). Specifically, we took photos in which we flipped fledglings on their 
ventral side and pinned their wing between a gray standard backdrop and a clear acrylic sheet. 
This allowed us to photograph the underside of the wing where the location of primary pin 
feathers is not obscured by coverts. Using the measurement tool in ImageJ (1997-2015), we 
derived estimates of wing emergence by estimating the proportion of the feather emerged from 
the pin relative to the entire length of the feather (emerged + pin) for all primary feathers. Per 
juvenile, we calculated a final emergence value by averaging emergence estimates across all 
primary feathers. This measure of wing development accurately reflects individual flight ability 
and unlike measures of relative wing length, is independent of body size (Jones, Benson, & 
Ward, 2020).  
Post-fledging mortality 
For 9 of our 20 focal species, we radio-tagged and monitored the survival of juveniles 
during the 8 weeks following fledging (Supplemental Table 3.1). The nine species were chosen 
to represent differences in nest types and reflect a gradient in nestling period length. For each 
brood that made it to fledging, we randomly selected one nestling per brood to which we 




constructed with elastic bead cord. The one exception to this rule was with Dickcissels (Spiza 
americana), where 1 to 3 individuals were tagged per brood (see Jones, Ward, Benson, & Brawn, 
2017). After they fledged, we then attempted to locate radio-tagged juveniles every 1 to 3 days 
until they either dispersed, died, or their radio’s battery failed. We homed in on signals and 
located juveniles using a handheld Yagi, and if we were unable to detect a signal, we spent at 
least 30 minutes in adjacent habitat (~400m radius) in an attempt to re-locate individuals (Jones, 
Ward, Benson, & Brawn, 2017). Post-fledging mortality did not vary by species mass (R2 = 
0.057, p = 0.538, n = 9), suggesting that transmitter mass did not negatively influence fledgling 
survival (Martin, Tobalske, Riordan, Case, & Dial, 2018).  
Estimating juvenile flight ability 
We replicated juvenile drop tests by Martin, Tobalske, Riordan, Case, and Dial (2018) to 
provide estimates of individual flight ability for captured nestlings. Drop tests consisted of 
researchers dropping a nestling and golf ball from a height of ~1.5 m. We held nestlings in a 
standardized way, with their ventral side down, wings closed, and legs/feet free (so nestlings 
could not hold onto our hands/fingers which could influence their fall; Jones, Benson, & Ward, 
2020). We placed a soft pillow below where we dropped nestlings to cushion their fall. We 
recorded drop tests with a GoPro 4 placed ~3 m directly in front of the drop and set to narrow 
view, 720p, 120 frames per second. Drop tests were conducted at the same time we sampled 
nestlings. For examples of our drop tests, please see videos from Jones, Benson, & Ward, (2020): 
https://doi.org/10.13012/B2IDB-2044905_V1. 
As in Martin, Tobalske, Riordan, Case, & Dial (2018), we uploaded videos into 
MATLAB (v2017b, The Math Works Inc.) and used a custom script to digitize the head of the 




we limited our digitizing to the middle 75% of the field of views. We digitized locations of the 
ball and nestling to determine non-scaled velocities (v0, pixels/frame), which we then used in a 
linear regression with respect to frame number to calculate their non-scaled accelerations (a0, 
pixels/frame/frame). We obtained the nestling’s acceleration (anestling) in metric units (meters 
per second squared) by linearly transforming anestling and aball such that aball equaled gravitational 
acceleration (9.8 m s-2). We then derived an estimate of flight ability for each nestling as 9.8 m s-
2 – anestling, representing the average production of aerodynamic force/lift to counteract gravity 
(sensu Martin, Tobalske, Riordan, Case, & Dial, 2018). As such, dropping the golf ball next to 
each nestling allowed us to derive estimates of nestling flight ability that are comparable within 
and among species. As our flight estimates were bounded by 0 and 9.8, we rescaled them by 
dividing each estimate by 9.8, such that values fell between 0 and 1 and represented an 
individual’s flight ability as a proportion of maximum flight ability (Jones, Benson, & Ward, 
2020). Therefore, a value of 1 represents an individual capable of sustained flight (i.e. the bird 
flew away) while a value of 0 represents an individual with no flight ability. We averaged 
estimates of flight ability across individuals of each species for use in our among species 
analyses. 
Statistical analyses 
We estimated daily nest mortality rates for each species using the logistic exposure 
method (Proc Glimmix, SAS Institute, 1990; Shaffer, 2004). Extensive nest camera work by 
previous studies on our field sites and other nearby locations attribute >95% of nest failures in 
our study population to be from predation (primarily snakes, raccoons, squirrels, and weasels; 




accurate level of nest-predation risk for each species. We only estimated daily nest mortality 
rates for species with at least 10 nests (n = 16) to avoid biases due to low samples size.  
 We used multi-state models in program MARK (White & Burnham, 1999) to estimate 
cumulative post-fledging mortality rates for the focal species that received radio-transmitters. We 
replicated methods in Jones, Ward, Benson, & Brawn, (2017) by first assigning each fledgling 
observation to either an alive or dead state. We then fixed survival probabilities to 1, absorbing 
states (e.g. dead to alive, dead to dead) to zero, and estimated daily survival rates using transition 
probabilities () from the alive to the dead state. Findings from past post-fledging studies have 
identified age as the main predictor of fledgling survival in birds (Cox, Thompson, & Faaborg, 
2014). Thus, before we derived our post-fledging mortality rates, we further refined our models 
by determining how the probability of fledgling mortality was best described by age. To do so, 
we examined a total of 10 models with a priori hypotheses of age structure predicting daily 
survival rates of fledglings for each species (Supplemental Table 3.3). Specifically, we used 
seven standard hypotheses (same among species) based on past post-fledging studies, two 
models based on our observed timings of fledgling death, and a null model (constant survival 
rate). We based model selection on Akaike’s information criterion adjusting for small samples 
size (AICc; Burnham & Anderson, 2002), then used daily survival rates from our top age specific 
model to derive a cumulative mortality rate estimate (one minus the cumulative survival rate) for 
each species. We estimated cumulative rates up to age 27 (28 days post-fledging), a point past 
which the vast majority (>98%) of our fledglings survived, and thus reflects an appropriate, 
accurate, and comparable point to estimate post-fledging mortality among species. Additionally, 
in some species fledglings would often die due to exposure (Jones, Ward, Benson, & Brawn, 




thunderstorm. Given that wing development should primarily impact survival against predation, 
we also calculated post-fledging mortality rates due only to predation. We did this by splitting 
the dead state into two states, dead due to predation and dead due to exposure. We then 
calculated predation specific survival rates using transition probabilities from alive to dead due 
to predation and repeated our methods to calculate age 27 cumulative mortality risk. We note 
that for post-fledging estimates we had a low sample size for Phoebes (Sayornis phoebe; 
Supplemental Table 3.1), however, our results were the same with or without the inclusion of the 
species (Supplemental Table 3.4).  
 We examined associations among wing development and life history traits using general 
linear models (Proc Glm, SAS Institute, 1990). To control for potential confounds of nest type 
and foraging strategy we included them as covariates in each model. As those effects were 
determined to be non-significant in all models (Supplemental Tables 3.5), however, they were 
subsequently dropped from our analyses. To evaluate the adaptive significance of wing 
development under a pre- to post-fledging carryover framework, we ran the following models: 
(1) the effect of nest mortality risk on nestling period length, (2) the effect of nestling period 
length on wing development at fledging, and (3) the effect of wing development at fledging on 
post-fledging mortality. For comparison, we also examined the effect of wing development on 
rates of post-fledging mortality due only to predation. Finally, we used program MARK to 
examine the relationship between wing development and post-fledging mortality due to 
predation for individuals within 8 of the 9 species by applying the fixed effect of wing 
development to different combinations of fledging age (the first 0-7 days post-fledging; Jones, 
Ward, Benson, & Brawn, 2017). We used the same criteria as in our age-specific models for 




intervals overlapped zero. We did not calculate estimates for the Eastern Phoebe due to our low 
sample size.  
We examined the relationship between wing development and flight ability using 
generalized linear mixed models (Proc Glimmix, SAS Institute, 1990), examining trends within 
and among species. We used a normal distribution with flight ability as the response variable and 
morphological measurements as the independent variable, and nest ID as a random effect to 
account for non-independence among members of the same brood. Additionally, we examined 
the relationship between flight ability and post-fledging survival using general linear models 
(Proc Glm, SAS Institute, 1990). We note that for the latter we limited our analysis to among 
species, as we were unable to get estimates of flight ability for every radio-tagged fledgling.   
For comparative studies, phylogenetic corrections are often used to control for perceived 
lack of statistical independence among species (Felsentein, 1985; Pagel & Harvey, 1989), even 
though many studies have demonstrated that phylogenetic relatedness is not a widespread bias in 
ecology and should only be applied where conceptually appropriate (e.g. Westoby, Leishman, & 
Lord, 1995; Losos, 2011). Though we would argue that applying phylogenetic corrections is 
inappropriate in this case, we attempted to correct for phylogenetic effects using phylogenetic 
generalized least squares analyses. For each model, we obtained a phylogenetic (consensus) tree 
via methods in Burleigh, Kimball, & Braun (2015; Supplemental Figure 3.1) and used our 
estimates in a phylogenetic least squares analyses with the Caper (Orme 2013) package in R 
v3.5.2 (R Development Core Team) to test for a phylogenetic signal (). Regardless of which 
model we ran, our dataset of 20 species did not provide enough information to derive a reliable 
estimate of . This was unsurprising, as studies with lower numbers of taxa (<20) tend to lack 




phylogenetic signal (Boettiger, Coop, & Ralph, 2012). Consequently, we specified phylogenetic 
least squares models with  fixed at 1 (maximum signal) and compared results with our original 
models to see if phylogenetic corrections altered our results. Consistent with similar studies and 
datasets (e.g. Losos, 2011; Martin, 2015; Martin, Tobalske, Riordan, Case, & Dial, 2018), results 
from phylogenetically corrected models were qualitatively identical to our original results 
(Supplemental Table 3.6). Given this fact and that applying phylogenetic corrections without 
adequate evaluation of phylogenetic signal can be inappropriate or misleading (Revell, 2012), we 
deferred to our original analyses when presenting results.  
Results 
Intraspecific trends 
We found a positive association between juvenile wing development at fledging and 
flight ability for all species (Table 3.1). Similarly, we found negative associations between wing 
development and post-fledging mortality for all species, but relationships were only statistically 
significant in Dickcissels and Field Sparrows (Spizella pusilla) based on 95% confidence 
intervals (Table 3.2). Given the consistency of trends within species and that several other 
species neared statistical significance, we suspected that our intraspecific findings are a result of 
low statistical power (small samples sizes) rather than there being a lack of associations. 
Consequently, we conducted a post-hoc analysis where we pooled survival for all individuals of 
all species into one MARK model, with species as groups to prevent bias, and examined the 
impact of wing development on mortality for the first week post-fledging. Results from the 
model showed a negative relationship between wing emergence and fledgling mortality ( = -
2.805, SE = 0.636, 95% C.I. = -4.053 to -1.558), indicating that carryover effects of wing 




indicated that during the first day post-fledging, when survival is most critical, fledgling 
mortality declined by roughly 3% for every 5% increase in wing development. Finally, our 
models found that wing development was most influential on post-fledging mortality for the first 
1 to 7 days post fledging, depending on the species (Table 3.2).  
Interspecific trends 
 Across our sampled avian community, we found a negative relationship between nestling 
period length and nest mortality risk ( = -99.271, t = -7.38, p < 0.001; Figure 3.2C). We also 
found a positive relationship between wing development at fledging and nestling period length 
( = 0.032, t = 5.60, p < 0.001; Figure 3.2D) which translated to a gradient of wing development 
across species at the point of fledging (Figure 3.2E). Post-fledging survival estimates derived 
from our 9 focal species showed that species which fledged young with less developed wings 
experience higher rates of post-fledging mortality ( = -0.987, t = -5.79, p < 0.001; Figure 3.2F). 
We found the same relationship regardless of whether we examined overall post-fledging 
mortality rates or mortality rates due only to predation ( = -0.815, t = -4.21, p = 0.004; 
Supplemental Figure 3.2). Finally, for the 9 focal species we found that juvenile flight ability 
was positively associated with wing development ( = 1.7495, t = 7.75, p < 0.001; Figure 3.3A) 
and negatively related to post-fledging mortality ( = -0.4593, t = -4.08, p = 0.007; Figure 3.3B).  
Discussion 
While carryover effects in songbirds are well documented across adult life history events 
(e.g. for migratory birds conditions on the wintering grounds impact future fitness on the 
breeding grounds; Marra, Hobson, & Homes, 1998; Norris, Marra, Kyser, Sherry, & Ratcliffe, 
2004), comparatively little is known about carryover effects across juvenile life stages (Naef-




morphology-fitness paradigm, our research illustrates the adaptive significance of wing 
development for juvenile songbirds: a trait which helps to generate carryover effects from the 
nesting to post-fledging period by influencing fledgling survival.  Furthermore, our interspecific 
analyses demonstrate the ultimate result of selection for wing development. As predicted, trade-
offs between nest survival and the duration of the nesting stage appear to drive variation in wing 
development at fledging (Figure 2C; e.g. Cheng & Martin, 2012; Martin, 2014). Variation in 
wing development results in asymmetrical survival prospects for offspring across species via 
differences in locomotor ability (Figure 3A), resulting in the negative relationship between wing 
development at fledging and subsequent post-fledging mortality observed among species in our 
study (Figure 2F). In short, how developed an individual’s wings are at the point of fledging 
determines their ability to fly and evade/avoid predators (Jones, Benson, & Ward, 2020), which 
appears to drive patterns of post-fledging survival among species. Ultimately, such findings are 
consistent with studies on development, locomotion, and survival in juveniles of other taxa (e.g. 
Carrier, 1996; Landberg & Azizi, 2010; Lagarde, Borie, Blob, Schoenfuss, & Ponton, 2018) and 
those highlighting carryover effects in juveniles during the most critical periods of their life (e.g. 
Morgan and Metcalfe 2001, Vonesh and Bolker 2005, Van Allen, Briggs, McCoy, & Vonesh 
2010,  Jones, Ward, Benson, & Brawn, 2017). 
Many life history models propose that periods of concentrated mortality can drive 
evolution of animal systems (Law, 1979; Reznick, Bryga, & Endler, 1990; Martin, 2004). Our 
findings support such models in that carryover effects (and associated life-history tradeoffs) 
appear to be both a cause and consequence of juvenile mortality across the pre- to post-fledging 
transition. Our data suggest that differences in predation risk for nestling birds constrains the 




carryover effects. The influence of carryover effects on post-fledging mortality likely feedback 
into the nesting stage to help drive evolution of fledging age (length nesting period) and how 
juveniles prioritized growth of morphological traits (Cheng & Martin, 2002; Martin, Tobalske, 
Riordan, Case, & Dial, 2018). Such relationships suggest that juvenile morphological traits that 
are adaptive against mortality in one stage may be constrained by mortality acting upon them 
during the previous stage. Consequently, our research underscores the importance of considering 
how age-specific mortality interacts between life history stages in studies examining variation in 
juvenile mortality, life-history characteristics, and life-history trade-offs among species. 
Ultimately such findings expand upon recent research implicating juvenile mortality and 
locomotor performance in the evolution of avian life histories (e.g. Martin, Tobalske, Riordan, 
Case, & Dial, 2018) and suggest that carryover effects (and associated trade-offs) are a common 
phenomenon shaping survival and life history variation across songbird communities (e.g. Lloyd 
& Martin, 2016).    
If carryover effects shape patterns of juvenile survival among species, then our findings 
also suggest that carryover effects may contribute to assembling ecological guilds (Bonsall, 
Jansen, & Hassel, 2004). Past ecological modeling shows that local adaptation to a minority (less 
common) habitat can be permitted if such habitat confers a competitive advantage to offspring as 
a carryover effect and results in trait divergence (sensu Kristensen, Johansson, Chisholm, Smith, 
& Kokko, 2018). Such a phenomenon may provide greater insights into the presence and 
persistence of cavity and cliff nesting species adapted to minority habitat (nest) types in our 
system (Supplemental Table 3.1). Though case specific, cavity (e.g. bluebirds) and cliff (e.g. 
phoebes) species often suffer from shortages in nest sites (Newton, 1998) and are generally less 




however, the predominant benefits of specializing on such nest sites is the relative increase in 
safety of their nests. As observed in our study, safer nests may allow for longer nestling periods 
and more developed wings at fledging, which then carryover and result in higher rates of post-
fledging survival. Thus, the presence of pre- to post-fledging carryover effects may further 
enhance the fitness benefits of specializing on such nest sites, ultimately contributing to the 
evolution and persistence of cavity and cliff nestling species found among avian communities.   
 The significance of wing development for juvenile songbirds raises important questions 
regarding potential tradeoffs of wing and feather growth. As with juveniles of other taxa, 
songbirds exhibit rapid growth and development over a relative short period of time (Ricklefs, 
1968) and have been shown to differentially prioritize growth of locomotor traits (wings) over 
other body traits in response to increased levels of predation risk (Cheng & Martin, 2002). While 
the benefits of juveniles prioritizing wing growth are apparent (Carrier, 1996), the costs remain 
unclear. For instance, rapid growth of flight feathers provides songbirds with immediate benefits 
for post-fledging survival, but more rapid growth rates often produce lower quality feathers 
(Dawson, Hinsley, Ferns, Bonser, & Eccleston, 2000; Callan, La Sorte, Martin, & Rohwer, 
2019). As most songbirds must keep their remiges (flight feathers) for the first year of their life, 
having poorer quality feathers may carryover to later life stages, leading to negative fitness 
consequences such as greater risk of mortality during migration, poor foraging ability, and/or 
poorer ability to fight for or attract a mate, and ultimately reproduce. Similarly, prioritization of 
wing growth may use resources that would otherwise be invested in physiological traits 
regarding the immune and endocrine systems (e.g. bacterial killing ability, HPA axis, etc.). 
Compromising such systems can leave individuals more susceptible to parasites or diseases and 




during later life (e.g. Ellis, Merrill, Wingfield, O’Loghlen, & Rothstein, 2012). As such, future 
studies examining the costs of differential growth could help advance our knowledge of the 
evolution of animal growth strategies (Cheng & Martin, 2002).  
Conclusions 
The phenomenon of carryover effects is widely recognized across taxa (O’Conner, 
Norris, Crossin, & Cooke, 2014) and remains an important concept regarding the study of animal 
ecology, providing important links between environmental conditions and aspects of fitness 
(Stearns, 1992). Our study highlights wing development as a key factor generating carryover 
effects across critical stages of juvenile life, which likely play a role in driving local adaptation, 
trait divergence, and dynamics of avian communities (Kristensen, Johansson, Chisholm, Smith, 
& Kokko, 2018). Our findings also demonstrate how morphological traits, locomotor 
performance, and age-specific survival may trade-off and interact across juvenile life stages to 
shape evolution of avian life histories. Additionally, our findings have important implications for 
future research regarding carryover effects in juvenile animals. For instance, if species level 
carryover effects translate to patterns in life history traits among songbirds, then we might expect 
similar impacts of carryover effects on life history variation in other taxa. Similarly, research is 
needed to examine whether associations among wing development, flight ability, and post-
fledging survival are consistent across tropical songbirds, other groups of altricial birds (raptors, 
hummingbirds, seabirds, etc.), and precocial species. Furthermore, integrating clutch size 
manipulation experiments (e.g. Styrsky, Brawn, & Robinson, 2005) within a carryover effect 
framework may aid in corroborating life history theories regarding geographic variation in clutch 
size evolution in songbirds (e.g. Martin, 2015). Lastly, while our study highlights the short-term 




impacts remain largely untested and poorly understood. As such, future research could extend 
the carryover effect paradigm beyond the nesting and post-fledging stages to subsequent post-
breeding stages (e.g. survival during migration or on the wintering grounds). Ultimately, further 
consideration of carryover effects across juvenile life stages may provide a greater foundation for 
understanding variation in animal fitness and life history strategies.  
Data Accessibility 
Data for this manuscript are available at the Illinois Databank:  https://doi.org/10.13012/B2IDB-





Tables and Figures 
Table 3.1. Associations of juvenile wing development and flight ability for nine co-existing songbird species in east-central Illinois, 
USA, 2014-2019.  
Species Scientific Name n  SE p-value 
Brown Thrasher Toxostoma rufum 69 0.35 0.12 0.006 
Common Yellowthroat Geothlypis trichas 111 0.34 0.09 <0.001 
Dickcissela Spiza americana *** *** *** *** 
Eastern Bluebird Sialia sialis 210 2.56 0.50 <0.001 
Eastern Phoebe Sayornis phoebe 36 3.07 0.49 <0.001 
Field Sparrow Spizella pusilla 106 0.31 0.06 <0.001 
Gray Catbird Dumetella carolinensis 61 0.63 0.10 <0.001 
Indigo Bunting Passerina cyanea 54 1.15 0.35 0.003 
Red-winged Blackbird Agelaius phoeniceus 13 1.97 0.47 0.009 
a





Table 3.2. Associations of wing development and rates of juvenile post-fledging mortality due to predation for nine co-existing 
songbird species in east-central Illinois, USA, 2014-2019. Per species, coefficients () were derived from the highest model ranked by 
AICc.  
Species Scientific Name  SE 95% CI Days
b 
Brown Thrasher Toxostoma rufum -2.691 3.152 -8.870 to 3.487 7 
Common Yellowthroat Geothlypis trichas -1.120 1.883 -4.8812 to 2.571 1 
Dickcissel Spiza americana -3.470 1.737 -6.875 to -0.065 4 
Eastern Bluebird Sialia sialis -3.026 2.985 -8.875 to 2.824 2 
Eastern Phoebea Sayornis phoebe *** *** *** *** 
Field Sparrow Spizella pusilla -12.514 6.365 -24.989 to -0.039 1 
Gray Catbird Dumetella carolinensis -2.574 2.575 -7.622 to 2.473 1 
Indigo Bunting Passerina cyanea -2.886 2.315 -7.423 to 1.652 1 
Red-winged Blackbird Agelaius phoeniceus -1.635 1.709 -4.984 to 1.714 2 
Overall *** -2.805 0.636 -4.053 to -1.558 2 
a
Values were not estimated due to a low sample size for radio-tagged fledglings 





Supplemental Table 3.1. Sample sizes for estimating nest mortality, cumulative post-fledging mortality, length of the nestling period, 
















American Robin AMRO Turdus migratorius Cup 19 3 8 *** 
Blue Grosbeak BLGR Passerina caerulea Cup 6 2 4 *** 
Brown Thrasher BRTH Toxostoma rufum Cup 130 31 98 28 
Blue-winged Warbler BWWA Vermivora cyanoptera Cup 7 2 9 *** 
Carolina Chickadee CACH Poecile carolinensis Cavity 8 4 19 *** 
Chipping Sparrow CHSP Spizella passerina Cup 20 6 15 *** 
Common 
Yellowthroat 
COYE Geothlypis trichas Cup 165 48 136 37 
Dickcissel DICK Spiza americana Cup 454 117 298 102 
Eastern Bluebird EABL Sialia sialis Cavity 168 90 348 32 
Eastern Phoebe EAPH Sayornis phoebe Cup 37 20 67 8 
Eastern Towhee EATO Pipilo erythrophthalmus Cup 53 7 17 *** 
Field Sparrow FISP Spizella pusilla Cup 322 55 157 28 
Gray Catbird GRCA Dumetella carolinensis Cup 136 35 95 34 
House Wren HOWR Troglodytes aedon Cavity 73 41 195 *** 
Indigo Bunting INBU Passerina cyanea Cup 139 44 92 28 
Northern Cardinal NOCA Cardinalis cardinalis Cup 100 21 45 *** 
Red-winged 
Blackbird 
RWBL Agelaius phoeniceus Cup 271 59 104 41 
Tree Swallow TRES Tachycineta bicolor Cavity 78 46 199 *** 
Yellow-breasted Chat YBCH Icteria virens Cup 34 7 16 *** 
Yellow Warbler YEWA Setophaga petechia Cup 8 2 7 *** 






Supplemental Table 3.2. Summary statistics (± standard error) of nest mortality, cumulative post-fledging mortality, length of the 


















American Robin AMRO Turdus migratorius 0.078 (± 0.020) *** *** 14.1 (± 0.1) 0.54 (± 0.02) 56.31 (± 0.85) 
Blue Grosbeak BLGR Passerina caerulea 0.072 (± 0.035) *** *** 11.0 (± 0.1) 0.52 (± 0.04) 21.07 (± 0.64) 
Brown Thrasher BRTH Toxostoma rufum 0.059 (± 0.006) 0.542 0.458 11.7 (± 0.1) 0.28 (± 0.01) 45.02 (± 0.45) 
Blue-winged Warbler BWWA Vermivora cyanoptera 0.133 (± 0.056) *** *** 10.0 (± 0.1) 0.49 (± 0.01) 7.04 (± 0.13) 
Carolina Chickadee CACH Poecile carolinensis 0.020 (± 0.011) *** *** 17.6 (± 0.1) 0.65 (± 0.01) 9.66 (± 0.18) 
Chipping Sparrow CHSP Spizella passerina 0.088 (± 0.023) *** *** 10.4 (± 0.2) 0.41 (± 0.02) 10.12 (± 0.21) 
Common Yellowthroat COYE Geothlypis trichas 0.080 (± 0.007) 0.408 0.592 9.2 (± 0.1) 0.38 (± 0.01) 8.08 (± 0.05) 
Dickcissel DICK Spiza americana 0.080 (± 0.004) 0.667 0.505 8.2 (± 0.1) 0.26 (± 0.01) 14.78 (± 0.11) 
Eastern Bluebird EABL Sialia sialis 0.015 (± 0.002) 0.246 0.754 17.3 (± 0.1) 0.63 (± 0.01) 26.99 (± 0.10) 
Eastern Phoebe EAPH Sayornis phoebe 0.014 (± 0.004) 0.239 0.761 16.4 (± 0.1) 0.60 (± 0.01) 16.97 (± 0.20) 
Eastern Towhee EATO Pipilo erythrophthalmus 0.089 (± 0.013) *** *** 9.8 (± 0.1) 0.32 (± 0.02) 27.16 (± 0.40) 
Field Sparrow FISP Spizella pusilla 0.087 (± 0.005) 0.467 0.676 8.7 (± 0.1) 0.33 (± 0.01) 9.74 (± 0.07) 
Gray Catbird GRCA Dumetella carolinensis 0.065 (± 0.006) 0.543 0.476 10.8 (± 0.1) 0.35 (± 0.01) 28.22 (± 0.20) 
House Wren HOWR Troglodytes aedon 0.010 (± 0.002) *** *** 16.0 (± 0.1) 0.66 (± 0.01) 10.16 (± 0.05) 
Indigo Bunting INBU Passerina cyanea 0.064 (± 0.007) 0.283 0.746 10.1 (± 0.1) 0.55 (± 0.01) 11.25 (± 0.09) 
Northern Cardinal NOCA Cardinalis cardinalis 0.076 (± 0.009) *** *** 10.2 (± 0.1) 0.55 (± 0.01) 25.64 (± 0.40) 
Red-winged Blackbird RWBL Agelaius phoeniceus 0.081 (± 0.005) 0.488 0.781 11.0 (± 0.1) 0.48 (± 0.01) 28.05 (± 0.52) 
Tree Swallow TRES Tachycineta bicolor 0.009 (± 0.002) *** *** 18.4 (± 0.1) 0.71 (± 0.01) 19.6 (± 0.12) 
Yellow-breasted Chat YBCH Icteria virens 0.066 (± 0.013) *** *** 9.1 (± 0.1) 0.50 (± 0.02) 18.27 (± 0.32) 
Yellow Warbler YEWA Setophaga petechia 0.088 (± 0.038) *** *** 10.0 (± 0.1) 0.42 (± 0.04) 8.6 (± 0.23) 
a Cumulative post-fledging mortality was derived from daily survival estimates based on fledgling age, multiplied out to 28 days post-fledging 




Supplemental Table 3.3. AICc model comparison of age structures best describing rates of post-
fledging mortality in nine songbird species breeding in east-central Illinois, USA, 2014-2019.  
Species Model AICc AICc wi k Deviance 
BRTH 
Ages 0,1,2,3,4,5,6,7-16,17+ 138.94 0.00 0.22 3 114.10 
Ages 0,1,2,3,4,5,6,7-13,14+ 139.21 0.27 0.19 3 114.37 
Ages 0,1,2,3,4,5,6+ 139.58 0.64 0.16 3 114.74 
Ages 0,1,2,3,4,5+ 139.76 0.83 0.15 3 114.92 
All ages 0-27+ 140.45 1.51 0.10 3 115.61 
Ages 0,1,2,3,4+ 140.64 1.70 0.09 3 115.80 
Ages 0,1,2,3+ 141.95 3.01 0.05 3 117.11 
Ages 0,1,2+ 143.94 5.00 0.02 3 119.10 
Ages 0,1+ 144.31 5.38 0.02 3 119.47 
Constant 161.94 23.00 0.00 2 139.16 
COYE 
Ages 0,1,2,3,4,5,6+ 94.80 0.00 0.28 3 65.49 
Ages 0,1,2,3,4,5+ 94.83 0.03 0.27 3 65.53 
Ages 0,1,2,3,4+ 95.76 0.96 0.17 3 66.45 
Ages 0,1,2,3-5,6+ 96.45 1.65 0.12 3 67.14 
Ages 0-3,4,5,6+ 96.75 1.95 0.10 3 67.44 
Ages 0,1,2,3+ 98.57 3.77 0.04 3 69.26 
All ages 0-27+ 101.71 6.91 0.01 3 72.41 
Ages 0,1,2+ 104.97 10.17 0.00 3 75.66 
Ages 0,1+ 116.04 21.24 0.00 3 86.73 
Constant 138.69 43.89 0.00 2 111.42 
DICK 
Ages 0,1,2,3,4-11,12+ 409.31 0.00 0.69 3 403.27 
Ages 0,1,2-11,12+ 411.49 2.18 0.23 3 405.45 
Ages 0,1,2,3,4+ 415.30 5.99 0.03 3 409.26 
Ages 0,1,2,3,4,5+ 415.72 6.41 0.03 3 409.68 
Ages 0,1,2,3,4,5,6+ 417.60 8.29 0.01 3 411.56 
Ages 0,1,2,3+ 417.69 8.38 0.01 3 411.65 
Ages 0,1,2+ 425.86 16.55 0.00 3 419.82 
All ages 0-27+ 432.33 23.03 0.00 3 426.29 
Ages 0,1+ 433.12 23.82 0.00 3 427.08 
Constant 515.46 106.16 0.00 2 511.44 
EABL 
Ages 0,1,2,3,4+ 154.16 0.00 0.20 3 134.23 
Ages 0,1,2,3,4,5+ 154.22 0.06 0.20 3 134.29 
Ages 0,1,2,3,4,5,6+ 154.64 0.48 0.16 3 134.71 
Ages 0,1,2,3+ 154.91 0.75 0.14 3 134.98 
Ages 0,1,2,3,4,5,6,7+ 155.23 1.07 0.12 3 135.30 
All ages 0-27+ 155.47 1.31 0.10 3 135.54 
Ages 0,1,2+ 156.59 2.43 0.06 3 136.66 
Ages 0,1+ 159.38 5.22 0.01 3 139.45 
Ages 0-3, then all ages 4-28+ 160.85 6.68 0.01 3 140.92 
Constant 179.62 25.46 0.00 2 161.72 
EAPH 
Ages 0-2,3+ 19.91 0.00 0.41 3 10.82 
All ages 0-27+ 22.13 2.23 0.14 3 13.04 
Ages 0,1,2,3,4,5,6+ 22.58 2.68 0.11 3 13.50 




Supplemental Table 3.3 (cont.) 
Species Model AICc AICc wi k Deviance 
 Ages 0,1,2,3,4+ 23.41 3.51 0.07 3 14.32 
 Constant 23.96 4.05 0.05 2 17.03 
 Ages 0,1,2,3+ 24.31 4.41 0.05 3 15.22 
 Ages 0-1,2+ 24.76 4.86 0.04 3 15.67 
 Ages 0,1,2+ 25.77 5.86 0.02 3 16.68 
 Ages 0,1+ 25.80 5.89 0.02 3 16.71 
FISP 
Ages 0,1-7,8+ 111.53 0.00 0.59 3 87.73 
Ages 0,1-5,6+ 113.65 2.11 0.20 3 89.85 
All ages 0-27+ 116.33 4.80 0.05 3 92.53 
Ages 0,1,2,3+ 116.62 5.09 0.05 3 92.82 
Ages 0,1,2,3,4+ 117.16 5.63 0.04 3 93.37 
Ages 0,1,2+ 118.02 6.49 0.02 3 94.22 
Ages 0,1,2,3,4,5+ 118.35 6.82 0.02 3 94.55 
Ages 0,1,2,3,4,5,6+ 118.46 6.93 0.02 3 94.66 
Ages 0,1+ 119.84 8.31 0.01 3 96.04 
Constant 153.37 41.84 0.00 2 131.63 
GRCA 
Ages 0,1,2-10,11+ 136.78 0.00 0.25 3 90.81 
Ages 0,1,2,3,4+ 137.33 0.55 0.19 3 91.36 
Ages 0,1,2,3,4,5+ 137.86 1.08 0.15 3 91.90 
Ages 0,1,2,3+ 138.24 1.46 0.12 3 92.27 
Ages 0,1,2,3,4,5,6+ 138.48 1.70 0.11 3 92.51 
Ages 0,1,2,3,4,5,6,7+ 139.08 2.30 0.08 3 93.12 
Ages 0,1,2+ 139.57 2.79 0.06 3 93.60 
All ages 0-27+ 141.33 4.55 0.03 3 95.37 
Ages 0,1+ 143.70 6.92 0.01 3 97.74 
Constant 175.46 38.68 0.00 2 131.54 
INBU 
All ages 0-27+ 119.26 0.00 0.46 3 88.92 
Ages 0,1-6, then all 7-27+ 119.97 0.70 0.33 3 89.62 
Ages 0,1,2,3,4,5,6,7+ 122.11 2.85 0.11 3 91.77 
Ages 0,1,2,3,4,5,6+ 123.48 4.22 0.06 3 93.14 
Ages 0,1,2,3,4,5+ 125.02 5.76 0.03 3 94.68 
Ages 0,1,2,3,4+ 126.76 7.50 0.01 3 96.42 
Ages 0,1,2,3+ 129.38 10.11 0.00 3 99.03 
Ages 0,1,2+ 131.33 12.07 0.00 3 100.99 
Ages 0,1+ 134.48 15.22 0.00 3 104.14 
Constant 135.93 16.67 0.00 2 107.63 
RWBL 
All ages 0-27+ 138.53 0.00 0.40 3 99.85 
Ages 0,1,2,3,4,5-7, then all ages 8-27,28+ 139.46 0.93 0.25 3 100.77 
Ages 0,1,2,3,4,5-7,8-9, then all ages 10-27,28+ 139.72 1.18 0.22 3 101.03 
Ages 0,1,2,3,4,5,6+ 141.64 3.10 0.09 3 102.95 
Ages 0,1,2,3,4,5+ 143.68 5.15 0.03 3 105.00 
Ages 0,1,2,3,4+ 146.43 7.90 0.01 3 107.75 
Ages 0,1,2,3+ 150.05 11.51 0.00 3 111.36 
Ages 0,1,2+ 155.96 17.43 0.00 3 117.27 
Ages 0,1+ 163.22 24.68 0.00 3 124.53 






Supplemental Table 3.4. Comparison of model results for the effect of wing development on 
post-fledging mortality with and without the inclusion of the Eastern Phoebe (Sayornis phoebe).  
Model  t-value p-value 
With Eastern Phoebe  -0.987 -5.79 <0.001 






Supplemental Table 3.5. Influence of the effects of nest type and foraging strategy on 
relationships between avian life history characteristics. The effect of nest type and foraging 
strategy were non-significant for all models and were subsequently dropped from the analyses.  
Model Effect F-value p-value 
Nestling Period Length = Nest Mortality  Nest Type 0.11 0.750 
Nestling Period Length = Nest Mortality Foraging Strategy 0.98 0.439 
Wing Development = Nestling Period Length Nest Type 0.07 0.793 
Wing Development = Nestling Period Length Foraging Strategy 2.15 0.140 
Post-fledging Mortality = Wing Development Nest Type 1.11 0.351 







Supplemental Table 3.6. Comparison of results from our (original) general linear model (GLM) 
results and phylogenetic generalized least squares models (PLGS).  
Model Type Model (response vs. independent variable)  t-value p-value 
GLM Nestling period length vs. Nest mortality Rate -99.271 -7.38 < 0.001 
PLGS Nestling period length vs. Nest mortality Rate -112.915 -6.31 < 0.001 
GLM Wing Development vs. Nestling Period Length 0.032 5.6 < 0.001 
PLGS Wing Development vs. Nestling Period Length 0.047 3.07 0.018 
GLM Post-fledging Mortality vs. Wing Development -0.987 -5.79 < 0.001 
PLGS Post-fledging Mortality vs. Wing Development -1.047 -5.17 0.001 
GLM Flight ability vs. Wing Development 8.350 7.72 < 0.001 
PLGS Flight ability vs. Wing Development 1.53 8.68 < 0.001 
GLM Post-fledging Mortality vs. Flight ability -0.453 -4.51 0.004 








Figure 3.1. Conceptual framework for pre- to post-fledging carryover effects of phenotypic 
traits. (A) Factors such as nest mortality risk can impact the conditions experienced by offspring 
prior to fledging, ultimately driving nestling period lengths and the stage of development in 
which offspring fledge (B) Variation in age and developmental stage at fledging caused by pre-
fledging conditions translates to a gradient of juvenile traits at fledging within species; in this 
case a gradient of wing development in nestling songbirds. (C) Variation in juvenile traits at 
fledging carryover to influence performance and survival during the post-fledging period. For 
example, greater wing development allows for improved flight ability and capability to escape 






Figure 3.2. Relationships among life history traits of twenty co-existing species of songbird—
(A) nine species were studied during the post-fledging period—were examined to assess the 
adaptive significance of (B) variation in wing development for juvenile songbirds in east-central 
Illinois, USA, 2014-2019. (C) Species under higher risk of nest mortality left the nest at younger 
ages, resulting in a shorter nestling period. (D) Nestling period length determined the amount of 
time nestlings had to develop their wings; shorter nestling periods resulted in less developed 
wings. The tradeoff between developmental time and wing development resulted in a gradient of 
wing development at the point of fledging ©, which carried over and drove rates of juvenile 
mortality during the post-fledging period (F). Boxes represent species with cavity nets while 
circle represent those with open cup nests. Alpha codes for species and standard errors for 





Figure 3.3. Relationship between (A) wing development, (B) cumulative probability of post-
fledging mortality, and juvenile flight ability among 8 songbird species of east-central Illinois, 
USA, 2014-2019. Wing development was quantified using the measurement tool in ImageJ to 
calculate the proportion of the feather emerged from the shaft to the entire length of the feather 
(emerged + shaft) for each primary feather. Individual emergence values were then averaged to 
derive a development estimate. Statistics are from a generalized linear mixed model (A) and a 






Supplemental Figure 3.1. Phylogenetic relationships of 20 species used in various statistical 
models examining links between morphology, performance, and fitness. Under phylogenetic 
generalized least squares analyses, the species dataset did not produce enough information to 






Supplemental Figure 3.2. Relationship between juvenile wing development at fledging and 
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CHAPTER 4: PARENTAL BENEFITS AND OFFSPRING COSTS REFLECT PARENT-
OFFSPRING CONFLICT OVER THE AGE OF FLEDGING AMONG SONGBIRDS3 
Abstract 
Parent-offspring conflict has explained a variety of ecological phenomena across animal 
taxa, but its role in mediating when songbirds fledge remains controversial. Specifically, 
ecologists have long debated the influence of songbird parents on the age of fledging—do 
parents manipulate offspring into fledging to optimize their own fitness or do offspring choose 
when to leave? To provide greater insight into parent-offspring conflict over fledging age in 
songbirds, we compared nesting and post-fledging survival rates across 18 species from 8 studies 
in the continental USA. For 12 species (67%), we found that fledging transitions offspring from 
comparatively safe nesting environments to more dangerous post-fledging ones, resulting in a 
post-fledging bottleneck. This raises an important question: as past research shows that offspring 
would benefit—improve post-fledging survival—by staying in the nest longer, why then, do they 
fledge so early? Our findings suggest that parents manipulate offspring into fledging early for 
their own benefit, but at the cost of survival for each individual offspring; reflecting parent-
offspring conflict. Early fledging incurred, on average, a 13.6% post-fledging survival cost for 
each individual offspring, but parents benefited through a 14.0% increase in the likelihood of 
raising at least one offspring to independence. These parental benefits were uneven across 
species—driven by an interaction between nest mortality risk and brood size—and predicted the 
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age of fledging among species. Collectively, our results suggest that parent-offspring conflict and 
associated parental benefits explain variation in fledging age among songbird species and why 
post-fledging bottlenecks occur. 
Introduction 
Conflict between parents and offspring can arise from disagreements over how long 
periods of parental care should last (sensu (1)). This occurs as extending parental care can 
enhance offspring fitness, but for adults, the benefits of continuing care are eventually 
outweighed by costs to future reproduction and survival (2). Consequently, parent-offspring 
conflict theory proposes that the optimal length of parental care differs between parents and their 
offspring, with offspring preferring care to continue for a longer duration than that preferred by 
adults (1, 3). The length of parental care and optimal timing of independence in animals may 
therefore be reflective of complex behavioral interactions between parents and offspring as they 
resolve this evolutionary conflict (4). Though likely strongest over the optimal timing of 
offspring independence (1), parent-offspring conflict also mediates the timing of other juvenile 
transitions during the period of parental investment. The age at which animals leave their nests, 
for instance, can be regarded as a result of interactions between parents and their offspring. Thus, 
even though offspring may still be dependent on their parents after leaving the nest, the age at 
which they leave can depend on the outcome of conflict between parent and offspring interests 
(5).  
In birds, research has shown that the age of fledging (nest leaving) is primarily associated 
with nest mortality risk (6-10), but for many taxa, there is compelling evidence that this timing is 
also mediated by parent-offspring conflict (summarized in (3)). One exception to this pattern, 




unclear, and controversial (2). Studies on fledging in songbirds have centered around a debate 
over two hypotheses: [1] the parental manipulation hypothesis (PMH), in which parents and 
offspring are in conflict over the optimal age of fledging and parents initiate fledging by 
manipulating offspring (11); and [2] the nestling choice or threshold size hypothesis (NCH), in 
which parents and offspring are not in conflict and fledging is initiated by other factors only after 
offspring pass a developmental threshold (11-12). Perpetuating debate between these hypotheses 
are studies that focus on the proximate factors (parental and offspring behaviors) of fledging. For 
instance, past studies have provided evidence in support of the PMH by documenting 
manipulative behaviors of adults, such as luring offspring with food or reducing their 
provisioning rates (5,13-14), but other studies have dismissed such observations as anecdotal or 
misinterpretations of adult behavior (2, 15). Additionally, studies on these hypotheses have failed 
to acknowledge an apparent paradox with respect to fledging. Songbird offspring may be subject 
to post-fledging bottlenecks, whereby survival rates immediately following fledging are 
significantly lower than those in the nest (16), with offspring transitioning from a safer nest 
environment to a more dangerous post-fledging one. As experimental and comparative post-
fledging work shows that songbird offspring benefit in terms of development and survival by 
staying in the nest longer (e.g. (17-18)), this raises an important question: if offspring are safer 
and benefit by staying in the nest, why then, do they fledge so early? 
Consideration of the ultimate factors of fledging (fitness perspectives of parents and 
offspring) has the potential to provide novel insights into this paradox, the PMH, NCH, and the 
role of parent-offspring conflict in mediating fledging age. As shown in a recent paper by Martin 
et al. (17), offspring survival rates can be used as proxies for fitness and address the costs and 




fitness is largely dependent on their own survival and selection should favor behaviors that 
optimize their chances of survival, such as fledging when nest mortality is roughly equivalent to 
post-fledging mortality risk (11). Parental fitness, however, is expected to differ from their 
offspring as their fitness is influenced by the survival of any offspring within a brood (17). This 
is the case as nest predation usually claims an entire brood, while fledglings are dispersed in 
space and the brood is usually not entirely depredated (reviewed in (19)). Parents could therefore 
benefit from manipulating offspring into fledging at earlier ages, optimally when the probability 
of losing the entire brood outside of the nest becomes lower than losing the entire brood in the 
nest (17). Benefits for parents in terms of relatively early fledging could come at survival costs to 
individual offspring, however, resulting in post-fledging bottlenecks. If true, this would suggest 
that parents manipulate offspring to fledge earlier to increase their own fitness prospects, even at 
the cost of survival to each individual offspring. Furthermore, if such parental benefits are 
uneven with respect to nest mortality risk, then parental benefits may explain the association 
between nest mortality risk and age at fledging among species (6-10).  
As such, comparing survival before and after fledging may provide important evidence 
for or against the PMH and NCH, explain the paradox of post-fledging bottlenecks, and by 
proxy, empirically evaluate the importance of parent-offspring conflict in the fledging age of 
songbirds. Under such comparisons, we would predict that:  [1] if nestlings choose when to leave 
the nest, for nestling and fledgling survival to be roughly equal and for nest mortality alone—not 
parental benefits of fledging—to explain age at fledging among species (NCH and no 
bottleneck); [2] if parents manipulate offspring, for nestling survival to be greater than fledgling 
survival, the probability of the losing an entire brood to be lower outside of the nest than in it, 




(PMH and a bottleneck); fledging ages should benefit parents in terms of brood survival, but 
come at the cost of post-fledging survival for each individual offspring.  
Here we use theory from Trivers’ (1) classic work to provide greater insight into when 
and why juvenile songbirds leave the nest. To do so, we compared nestling and fledgling 
survival rates for 18 species across 8 study locations in Florida, Illinois, Ohio, Pennsylvania, and 
Texas, USA. First, we estimated daily survival rates for juveniles across the nesting and post-
fledging period and compared rates immediately before and after fledging. Second, we used 
daily survival rates to derive probabilities of mortality for the entire brood and compared brood 
mortality rates before and after fledging. Third, we used daily survival rates to estimate 
cumulative survival for offspring across the post-fledging period. Lastly, we used nesting and 
post-fledging survival rates to derive estimates of parent-offspring costs and benefits (daily 
survival rates per individual and per brood) of earlier fledging under scenarios where a 
bottleneck does and does not occur. Overall, the goals of our study were to use these survival 
estimates and comparisons to [1] provide evidence to support or refute the NCH and PMH, [2] 
test for prevalence, severity, and length of post-fledging bottlenecks, and [3] empirically evaluate 
the influence of parent-offspring conflict on variation in the age at fledging among species by [a] 
estimating costs and benefits of the age at fledging for parents and offspring and [b] examining 
associations between nest mortality risk, age at fledging, and costs and benefits associated with 
parents and offspring in this conflict.  
Materials and Methods 
Though data for our study were derived from 18 species in 8 different locations, 
methodologies were consistent across studies, with only a few minor differences in field 




50) for more details). For each species, trained field assistants searched for and monitored nests 
across the breeding season by systematic searching and observing adult behaviors. For cavity 
nesting species, we either established or monitored previously established nest boxes throughout 
the field season. Nest were monitored every 1 to 6 days until they either failed or fledged young, 
with nests checked more frequently (every 1 or 2 days) as fledging approached. For each brood 
where at least one nestling fledged, nestlings were radio-tagged several days before fledging or 
on the actual day of fledging. In cases where nestlings fledged prior to our visit, we searched the 
surrounding vegetation to capture and tag individuals. For nestlings tagged on the day of 
fledging, we did our best to limit the potential effects of force fledging. In cases where nestlings 
force fledged, we were able to recapture them and return them to the nest after processing. After 
returning them to the nest, we placed a bag over the nestlings for 5 to 10 minutes, which was 
enough to calm them down and for them to remain in the nest. As a result, we had occasions 
where nestlings were force fledged, captured, processed, and then returned to the nest and were 
re-sampled (in the nest) the next day (18). To estimate post-fledging survival, we tracked 
individuals every 1 to 3 days after they fledged using a handheld receiver and antenna. We 
monitored each individual until they either died, dispersed, or their radio’s battery failed (20 to 
60 days depending on the species and whether an individual survived). We determined fledglings 
to have died if we tracked a signal back to a dead fledgling, a predator, or when we were unable 
to find a signal (after multiple days and attempts) for fledglings that were too young to have 
dispersed (18). 
Statistical analyses 
To ensure all variables of interest were comparable among species, we reanalyzed all raw 




for nests of each species using the logistic exposure method in program MARK or SAS (51-53). 
For 1 of our 18 species, the Brown-headed Cowbird—a brood parasite that lays its eggs in other 
species nests to avoid the energetic demands of raising young (33)—we only used host nest 
records for which a cowbird egg or nestling was present and included host species as a random 
effect in our logistic exposure model. We note that we included the Brown-headed Cowbird in 
our study as cowbird offspring are genetically unrelated to their hosts, providing a unique 
perspective on parent-offspring conflict and the age of fledging among songbirds. For most 
species (12 of 18), we also calculated DSRs for the incubation and nestling period. Because nest 
survival may decline as nestlings age due to increased begging and provisioning by adults 
(reviewed in Martin and Briskie (54)), where possible, we explicitly tested for this possibility but 
only found evidence of decline in 2 species. As these declines did not qualitatively alter our 
findings, we deferred to our standardized approach.   
We estimated age specific DSRs of fledglings using multi-state models in program 
MARK. For each species, we re-analyzed post-fledging data following methods in Jones et al. 
(47). We first assigned fledgling observations to either an alive or dead state, then fixed 
absorbing states (dead to dead, dead to alive) to zero and survival probabilities to 1, and 
estimated DSRs using transition probabilities () where birds remained in the alive state. Past 
post-fledging research has demonstrated fledging age as the main predictor of fledgling survival 
in songbirds (reviewed in (16,21)). Thus, we incorporated age structures before deriving DSR 
estimates. For each species, we examined a total of 10 models with a priori hypotheses of age 
structure predicting DSRs of fledglings. More specifically, we used seven hypotheses derived 
from past post-fledging studies (same among species), two models based on the timing of 




survival rate). We selected our top age models based on Akaike’s information criterion adjusting 
for small samples size (AICc; (55)), from which we derived our post-fledging DSRs for each 
species. If the null model was within 2 delta AICc of our top model, we presumed the null model 
was competitive and best reflected the age structure of the species. If the null was greater than 2 
AICc from the top model, then we selected the top model based on AICc rank. We also took the 
product of these daily survival rates to calculate cumulative rates of survival across the post-
fledging period (up until 28 days post-fledging, a point past which most fledglings survived and 
have acquired independence from their parents; 18). Age-mortality structures for species can be 
found in Supplemental Table 4.2. DSRs by nest stage and fledgling age for all species are listed 
in Dataset S1 in the supplemental materials.  
To test for the presence of post-fledging bottlenecks, we compared DSRs immediately 
before (our constant nestling DSRs) and after fledging (the first 1-5 days post-fledging, which 
varied by species). We considered a bottleneck to be present if we observed a 5 percent or more 
reduction in daily survival following fledging, and if the lower 95% confidence interval for nest 
survival did not overlap the upper 95% confidence interval of post-fledging survival by more 
than 5 percent.  
We calculated costs and benefits of fledging age for parents and offspring using daily 
probabilities of a whole brood being lost and daily rates of offspring survival (per-offspring 
basis) across the post-fledging period respectively. Specifically, we tested for how mortality 
would differ if offspring would have stayed in the nest (nest mortality rates) versus leaving the 
nest (post-fledging mortality rates). As such, benefits for adults were calculated as the difference 
in daily brood survival in and out of the nest (Fig. 4.3; nesting versus post-fledging brood 




fledgling survival (Fig. 4.1, Fig. 4.2). To compare brood survival in and out of the nest, we used 
daily nest survival rates as estimates of brood survival in the nest, as when a nest is predated the 
entire brood is usually lost (19). In contrast, broods are spatially separated upon leaving the nest, 
making brood survival dependent on survival probabilities of individual offspring. Thus, to 
calculate brood survival out of the nest we first determined the average DSR during the 
bottleneck period via the product of bottleneck DSRs raised to the power of 1 over the bottleneck 
length: e.g. 2-day bottleneck, X = (DSRday1*DSRday2)^(1/2). Brood survival was calculated as 
the probability that at least one offspring survives, which is 1 minus the probability that all 
offspring die; daily mortality rate during the bottleneck (1-DSRbottleneck) raised the power of 
the brood size (^broodsize). Thus, we calculated brood survival out of the nest via the following 
formula: X = 1-((1-DSRbottleneck)^broodsize). We then subtracted brood survival in the nest 
from survival out of the nest to calculate parental benefits of earlier fledging (for the full set of 
calculations see Dataset S1). Adult benefits for offspring fledging for species without bottlenecks 
were also calculated in the same way; by taking the difference between survival of the brood in 
and out (day 0 of the post-fledging period) of the nest. As cowbird parents do not directly care 
for their offspring during this period, we did not include the species in our analyses regarding 
brood survival.  
Because we found a large difference in the benefits for parents across species, we used 
general linear models (Proc Glm; (51)) to examine interspecific associations between nest 
mortality risk, age at fledging, and parental benefits to try to determine why differences occur. 
As more offspring result in increased dilution of mortality risk to the entire brood outside of the 
nest, species with larger broods should gain a greater benefit from earlier fledging as mortality 




of brood size, nest mortality risk, and an interaction between the two parameters on the parental 
benefits (improvement in brood survival) of earlier fledging (Proc Glm; (51)). To account for a 
potential confound of species size, we included species mass as a covariate in all our models. 
The effect of mass was insignificant and did not qualitatively change the results for any of our 
models, and was subsequently dropped from our analyses (Supplemental Table 4.3).  
For our comparative models, we attempted to correct for phylogenetic effects using 
phylogenetic generalized least squares (PGLS) analyses. For each model, we obtained a 
phylogenetic (consensus) tree via methods in Burleigh et al. (56) and used our estimates in a 
PGLS analysis with the Caper (57) package in R v3.5.2 (R Development Core Team) to test for a 
phylogenetic signal (). For both models, our dataset did not provide enough information to 
derive a reliable estimate of . Thus, we specified PGLS models with  fixed at 1 (maximum 
signal) and compared results with our original models to see if phylogenetic corrections altered 
our results. Results from phylogenetically corrected models were qualitatively identical to our 
original results (Supplemental Table 4.4). Given that our findings did not change and applying 
phylogenetic corrections without adequate evaluation of phylogenetic signal can be inappropriate 
or misleading (58), we deferred to our original analyses when presenting results.  
Results 
Comparisons of nesting and post-fledging survival rates (per-offspring basis) showed 
that, although there were cases where stage-specific rates were roughly equal (33%), daily 
mortality rates of fledglings following fledging (1-5 days) exceeded those of nestlings for most 
species (67%). Furthermore, probabilities of brood survival for all species were better outside 
than within the nest, providing evidence in favor of the parental manipulation hypothesis. 




severity of bottlenecks ranged from a 5.7 to 25.3% reduction (mean = 16.2% ±1.9 SE) in daily 
survival upon leaving the nest and lasted for 1 to 5 days (mean = 2.5 ± 0.3 SE). Bottlenecks 
occurred across nest types, nest heights, brood sizes, nestling period lengths, nest mortality risk, 
and habitat type (Fig. 4.3B, Supplemental Table 4.1).  
For offspring, earlier fledging decreased daily survival by an average 9.2% (±1.4% SE), 
resulting in an average 13.6% (±1.1% SE) decline in cumulative post-fledging survival under a 
bottleneck scenario compared to if no bottleneck had occurred (see materials and methods for 
details on calculations). Under scenarios where post-fledging bottlenecks occurred, earlier 
fledging improved the daily probability of at least one fledgling of a brood surviving the 
immediate days post-fledging by an average 6.0% (±1.0% SE) relative to if no bottleneck had 
occurred. Extending these benefits across the post-fledging period resulted in an average 14.0% 
(±1.8% SE) increase in the likelihood of parents having at least one offspring survive until 
independence. As nest mortality rates increased, parents derived more fitness benefits (increase 
in daily brood survival) from offspring fledging at earlier ages ( = 1.165, t = 11.32, p < 0.001; 
Fig. 4.3A). Variation in nest mortality risk therefore resulted in a gradient of parental benefits 
following fledging (Fig. 4.3A), which predicted age at fledging among species ( = -50.812, t = -
2.61, p = 0.020; Fig. 4.3B). Our post-hoc analysis on the effects of brood size, nest mortality 
risk, and their interaction on parental benefits revealed a significant interaction ( = 0.317, t = 
5.08, p < 0.001). The benefits of early fledging to adults generally tracked risk of nest mortality, 
but gains were context dependent. Adults with large broods derived the most benefits by fledging 
early in risky environments (e.g. low nesting grassland and shrubland species; right side of 
interaction, Fig. 4.4) and delaying fledging when the risk of nest mortality was low (e.g. cavity 





Our results provide evidence for the parental manipulation hypothesis and suggest that 
parents manipulate their offspring into fledging at younger ages to improve their own fitness 
prospects, even at the cost of survival for each of their offspring; reflecting parent-offspring 
conflict. By spatially separating offspring and diluting mortality risk to the entire brood earlier, 
parents can benefit by greatly increasing the odds that at least one offspring survives until 
independence. Notably, parental benefits from earlier fledging varied among species depending 
on the interaction between risk of nest mortality and brood size (Fig. 4.4) and predicted fledging 
age across species (Fig. 4.3B). Collectively, our results are consistent with findings across other 
avian taxa that parent-offspring conflict mediates fledging age among species (summarized in 
(3)) and explain why post-fledging bottlenecks occur.  
Our findings suggest that post-fledging bottlenecks occur across many songbird species 
(Fig. 4.1), supporting findings of Naef-Daenzer and Grüebler (16). Furthermore, our findings 
show that bottlenecks vary markedly in their severity and length, can occur regardless of life 
history characteristics (e.g. nest types, nest heights, brood size, nestling period length, nest 
mortality risk, etc.) and habitat preferences, and further corroborate past research demonstrating 
the importance of the post-fledging period for first year survival (20), the dynamics of avian 
populations (21), and life history evolution (17, 22). Our results are also consistent with past 
research documenting bottlenecks during juvenile life stages across a wide variety of taxa (e.g. 
(23-25)).  
Past research has suggested that songbird offspring fledge earlier to escape high rates of 
nest mortality (7-8), however, such behaviors would appear to be maladaptive given post-




experimental evidence suggest that offspring would benefit from staying in the nest longer in 
terms of development and survival (17). As such, a key question remained unanswered: if 
offspring are safer and would benefit more by remaining in the nest, why then, do they fledge so 
early? Our analysis shows that earlier fledging of offspring accrues greater fitness benefits to 
parents under higher risk of nest mortality (Fig. 4.3A), whereas benefits for parents are 
negatively correlated with offspring fledging age (Fig. 4.3B). Parental benefits are not mediated 
in response to mortality risk alone, however, as spatially separating more offspring can further 
dilute mortality risk to the entire brood after fledging. Thus, if brood size and mortality interact 
to better align fitness perspectives of parents and offspring, then parents may gain few to no 
benefits from manipulating offspring into fledging earlier (e.g. a brood size of 1). Like Martin et 
al. (17), our findings therefore suggest that the paradox between nest mortality risk and fledging 
age is explained by variation in parental benefits—and presumed manipulation—resulting from a 
key interaction between nest mortality risk and brood size. Notably, in some species parents may 
further dilute post-fledging brood risk by dividing the brood between them (e.g. (26-28)). 
Though we were unable to assess this for all species and there may be other benefits to dividing 
offspring (e.g. parental foraging economics), brood division appears to be the last step that 
parents could take to ensure at least some reproductive success in a breeding season.   
As mortality risk and clutch size can vary within species, this raises an important 
question: do parents and their offspring alter their behaviors (i.e. fledging age, manipulative 
behaviors) in response to real-time changes in mortality risk and brood size? Predator playback 
experiments altering perceived predation risk (e.g. (29)) and experiments manipulating brood 
size (e.g. (30)) could be conducted to provide greater insights into this question. Or alternatively, 




and duration of a bottlenecks within species. For instance, while we found no bottleneck in our 
Ovenbird population, low post-fledging survival rates found in King et al. (31) and Jenkins et al. 
(32) suggest that post-fledging bottlenecks likely occur elsewhere, or vary annually, in the 
species. There might also be unique opportunities to understand the relationship between nest 
mortality risk and fledging age. For example, Bosque and Bosque (7) found that mainland 
species introduced to safer islands had similar incubation and nestling periods as their place of 
origin; this raises the question: how many generations might be needed for selection to act on 
various behaviors associated with age at fledging? Future research will be needed to determine 
the extent to which bottlenecks vary across space and time, and the consequences of such 
variation on the behavioral ecology of songbirds.  
While we did not examine parent-offspring behaviors and thus cannot confirm whether 
(or how) parents manipulate their offspring into fledging, our findings on the Brown-headed 
Cowbird (Molothrus ater) provide novel evidence in favor of parental manipulation hypothesis. 
Utilizing a rare breeding strategy known as brood parasitism (placing eggs into other species 
nests), cowbirds are known to parasitize over 200 host species (33), and as such, their offspring 
are not evolved for a specific host’s nesting ecology. Thus, under the nestling choice hypothesis, 
we would expect cowbirds to leave their nest at the same age and stage of development 
regardless of the host species, yet cowbirds are known to fledge across a wide range of ages and 
stages of development (8 to 13 days; (34); Supplemental Fig. 4.1). Additionally, cowbirds left 
their nests earlier than expected based on evolutionary theory (Fig. 4.1), and results from a 
concurrent study suggest the age that cowbirds fledge is largely influenced by the age at which 




offspring suggests that, like their host siblings, their age of fledging may be mediated by parent-
offspring conflict.   
Parent-offspring conflict may indeed drive post-fledging bottlenecks and fledging age 
among songbirds, however, there are several alternatives and caveats that may explain our 
findings. First, regardless of what age they leave their nest, there is likely an inherent cost in 
survival for offspring to fledge. All offspring of nesting animals are inexperienced upon leaving 
the nest, and such inexperience may manifest itself in terms of higher mortality while offspring 
learn to forage for food while avoiding predation. Inexperience appears unlikely to cause 
bottlenecks alone, however, based on our findings and those of Martin et al. (17). Experiments 
prolonging the nestling period have shown that offspring can benefit in terms of development 
and survival by staying longer in the nest (17). Furthermore, we found that roughly 1 in 3 species 
did not exhibit a bottleneck, providing examples of where inexperience alone was not enough to 
cause a significant decline in survival. Second, songbird offspring could be timing their fledging 
to benefit their siblings and improve their inclusive fitness (i.e. kin selection; (35-36)). Though 
more study is needed, altruistic acts by nestlings appear unlikely for species experiencing high 
nest mortality rates and given known rates of promiscuity and extra pair young among songbird 
species (37). Finally, a key assumption of our research is that nest survival remains constant if 
offspring would remain in the nest for the duration of the bottleneck period. While data from our 
research suggests this is likely the case (constant models best describe nestling survival for most 
species), this assumption remains poorly tested and warrants further inquiry.  
Our results and findings from recent studies (17) provide greater insight into the ultimate 
factors driving fledging, but questions about the proximate factors remain: Are parents 




resist such manipulation (e.g. (38))? Are fledging ages the result of resolved conflict or active 
manipulation by adults (e.g. (39))? And if some offspring initiate fledging, what factors are 
associated with when they leave? To answer these questions, experimental research will be 
needed to disentangle behaviors of adults and their offspring. For example, cross-fostering 
different aged broods within species allows recording of parental behavior independent of 
offspring age and determination of fledging age independent of the amount of parental 
investment (5). Such experiments could therefore identify potential behaviors parents and 
offspring use to manipulate each other and the cues which trigger such behavior. This includes 
identifying more hidden aspects of adult behavior that may have been missed in past studies, 
such as parents deserting broods after a set period of parental care (14) or nest size/structure, 
where adults build their nests so that offspring are forced to fledge due to overcrowding or 
deterioration. Similarly, fostering broods of species with shorter nestling periods into those with 
much longer periods allows for observation of offspring behavior independent of parental 
manipulation. Thus, whether fostered broods stay or leave at the expected fledging age should 
provide important evidence as to whether fledging age is a result of voluntary behaviors of 
offspring or active manipulation by adults. 
Conclusions 
Our study provides greater insight into the factors driving when and why songbirds leave 
their nests as well as the prevalence of post-fledging bottlenecks. While in a third of cases 
offspring may have initiated fledging, most species exhibited either improved parental benefits 
from offspring leaving the nest or a post-fledging bottleneck, and therefore support the PMH. 
Studies have commonly identified mortality risk as a critical factor influencing the timing and 




mortality risk still plays a critical role, our findings are in line with those found in other avian 
taxa (3) suggesting that for birds and other animals with parental care, the age of offspring 
during key transitions may also be mediated by conflicts between parents and their offspring 
(17). For many songbirds, parent-offspring conflict appears to mediate earlier fledging in 
response to higher risks of nest mortality, resulting in key trade-offs between nest mortality risk 
and nestling period length observed across songbirds (7-8, 40). These trade-offs, in turn, appear 
to result in a series of events driving variation in trait development, pre- to post-fledging 
carryover effects, post-fledging bottlenecks, and differential post-fledging survival which explain 
life history variation among species (17-18, 22). Ultimately, our research highlights how 
incorporating estimates of fitness and theory on parent-offspring conflict can aid in improving 
our knowledge of the behavioral ecology of birds and other animals.   
Data Accessibility 
Supplementary information for this chapter can be found at: 




Tables and Figures 
 
Supplemental Table 4.1. Breeding habitat, nest and fledgling sample sizes, average brood size at fledging, cumulative post-fledging 
survival estimates, nest type, and nest height for species used in comparing nesting and post-fledging survival rates from the 
individual and brood perspective.  
















Acadian Flycatcher (Empidonax virescens) Forests 110 31 3.0 0.75 Cup Mid-story Ausprey and Rodewald (2011) 
Brown-headed Cowbird (Molothrus ater) Grasslands/Scrub 346 39 NA 0.31 NA NA *** 
Brown Thrasher (Toxostoma rufum) Scrub 130 28 3.5 0.48 Cup Understory Jones and Ward (2020) 
Cerulean Warbler (Setophaga cerulea) Forest 64 20 4.0 0.49 Cup Canopy Raybuck et al. (2020) 
Common Grackle (Quiscalus quiscula) Open Woodlands 164 49 5.0 0.60 Cup Mid-story Horsley (2020) 
Common Yellowthroat (Geothlypis trichas) Scrub 165 37 4.0 0.60 Cup Near Ground Jones and Ward (2020) 
Dickcissel (Spiza americana) Grasslands 454 102 3.0 0.36 Cup Ground Jones et al. (2017) 
Eastern Bluebird (Sialia sialis) Grasslands/Forests 168 32 4.0 0.76 Cavity Mid-story Jones and Ward (2020) 
Field Sparrow (Spizella pusilla) Scrub 322 28 3.0 0.54 Cup Near Ground Jones and Ward (2020) 
Golden-cheeked Warbler (Setophaga chrysoparia) Forests 67 23 3.0 0.76 Cup Canopy Trumbo (2019) 
Golden-winged Warbler (Vermivora chysoptera) Open Woodlands 131 134 3.5 0.63 Cup Ground McNeil (2019) 
Gray Catbird (Dumetella carolinensis) Open Woodlands 136 34 3.7 0.47 Cup Understory Jones and Ward (2020) 
Indigo Bunting (Passerina cyanea) Open Woodlands 139 28 2.5 0.72 Cup Understory Jones and Ward (2020) 
Marsh Wren (Cistothorus palus tris griseus) Marshes 502 50 3.8 0.08 Cup Understory Cox et al. (2019) 
Northern Cardinal (Cardinalis cardinalis) Open Woodlands 496 45 3.0 0.50 Cup Understory Ausprey and Rodewald (2011) 
Ovenbird (Seiurus aurocapilla) Forests 179 52 4.0 0.73 Cup Ground Vitz and Rodewald (2011) 
Red-winged Blackbird (Agelaius phoeniceus) Marshes 271 41 2.0 0.51 Cup Understory Jones and Ward (2020) 
Worm-eating Warbler (Helmitheros vermivorum) Forest 137 60 5.0 0.74 Cup Ground Vitz and Rodewald (2011) 
aNumber of fledglings tagged and used to calculate estimates of post-fledging survival 
bAverage brood size estimated during the nestling period, or when possible, around the time of fledging 
cCumulative survival for the first 21 days (up to age 20) for comparison with Cox et al. (2014). Estimates were based on daily survival estimates produced from 
re-analyzed data  
dOpen cup vs. cavity nest  




Supplemental Table 4.2. AICc model comparison of age structures best describing rates of post-
fledging mortality in ten songbird species breeding Florida, Illinois, Ohio, Pennsylvania, and 
Texas, USA.  
Species Model AICc ΔAICc wi k Deviance 
ACFL 
Ages 0-1,2-5,6+ 69.65 0.00 0.31 3 -129.90 
Ages 0,1,2,3,4,5,6+ 71.52 1.86 0.12 3 -128.04 
Ages 0-7,7+ 72.04 2.39 0.09 3 -127.51 
All ages 72.13 2.48 0.09 3 -127.43 
Ages 0,1,2+ 72.26 2.61 0.08 3 -127.30 
Ages 0,1,2,3,4,5+ 72.33 2.67 0.08 3 -127.23 
Ages 0,1,2,3,4+ 72.51 2.86 0.07 3 -127.05 
Ages 0,1,2,3+ 72.71 3.05 0.07 3 -126.85 
Ages 0,1+ 73.04 3.39 0.06 3 -126.51 
Null-constant 73.93 4.28 0.04 2 -123.60 
BHCO 
Ages 0,1,2,3-14,15+ 160.70 0.00 0.30 3 120.81 
Ages 0,1,2,3-11,12+ 160.73 0.03 0.30 3 120.84 
Ages 0,1,2,3,4+ 162.76 2.06 0.11 3 122.87 
Ages 0,1,2,3,4,5+ 163.27 2.57 0.08 3 123.38 
Ages 0,1,2,3+ 163.53 2.84 0.07 3 123.64 
Ages 0,1,2,3,4,5,6+ 164.26 3.57 0.05 3 124.37 
Ages 0,1,2+ 164.72 4.02 0.04 3 124.83 
All Ages (1-27+) 165.00 4.30 0.04 3 125.11 
Ages 0,1+ 168.33 7.63 0.01 3 128.44 
Null-constant 196.06 35.36 0.00 2 158.23 
BRTH 
Ages 0,1,2,3,4,5,6,7-16,17+ 138.94 0.00 0.22 3 114.10 
Ages 0,1,2,3,4,5,6,7-13,14+ 139.21 0.27 0.19 3 114.37 
Ages 0,1,2,3,4,5,6+ 139.58 0.64 0.16 3 114.74 
Ages 0,1,2,3,4,5+ 139.76 0.83 0.15 3 114.92 
All ages 0-27+ 140.45 1.51 0.10 3 115.61 
Ages 0,1,2,3,4+ 140.64 1.70 0.09 3 115.80 
Ages 0,1,2,3+ 141.95 3.01 0.05 3 117.11 
Ages 0,1,2+ 143.94 5.00 0.02 3 119.10 
Ages 0,1+ 144.31 5.38 0.02 3 119.47 
Constant 161.94 23.00 0.00 2 139.16 
CERW 
Ages 0,1,2-7,8+ 66.09 0.00 0.26 3 1.20 
Ages 0,1, 2+ 66.60 0.51 0.20 3 1.71 
Ages 0,1, 2, 3, 4+ 67.70 1.61 0.12 3 2.81 
Ages 0,1, 2, 3+ 67.75 1.66 0.11 3 2.86 
Ages 0,1+ 67.77 1.68 0.11 3 2.88 
Ages 0,1, 2, 3, 4, 5+ 68.31 2.22 0.09 3 3.42 
Ages 0,1, 2, 3, 4, 5, 6+ 69.19 3.09 0.06 3 4.29 
Ages 0-1,2+ 69.53 3.43 0.05 3 4.63 
All ages 73.84 7.75 0.01 3 8.95 
Null-constant 82.63 16.54 0.00 2 19.80 
COGR 
All ages 0-27+ 174.53 0.00 0.70 3 61.71 
Ages 0,1,2,3,4,5,6,7,8,9+ 176.99 2.46 0.20 3 64.17 
Ages 0-1,2-7,8+ 179.16 4.62 0.07 3 66.33 




       
Supplemental Table 4.2 (cont.)      
Species Model AICc ΔAICc wi k Deviance 
 Ages 0,1,2,3,4,5+ 184.23 9.70 0.01 3 71.41 
 Ages 0,1,2,3,4+ 188.37 13.84 0.00 3 75.55 
 Ages 0,1,2,3+ 191.41 16.88 0.00 3 78.58 
 Ages 0,1,2+ 194.81 20.28 0.00 3 81.99 
 Ages 0,1+ 201.66 27.12 0.00 3 88.83 
 Null-constant 207.32 32.78 0.00 2 96.51 
COYE 
Ages 0,1,2,3,4,5,6+ 94.80 0.00 0.28 3 65.49 
Ages 0,1,2,3,4,5+ 94.83 0.03 0.27 3 65.53 
Ages 0,1,2,3,4+ 95.76 0.96 0.17 3 66.45 
Ages 0,1,2,3-5,6+ 96.45 1.65 0.12 3 67.14 
Ages 0-3,4,5,6+ 96.75 1.95 0.10 3 67.44 
Ages 0,1,2,3+ 98.57 3.77 0.04 3 69.26 
All ages 0-27+ 101.71 6.91 0.01 3 72.41 
Ages 0,1,2+ 104.97 10.17 0.00 3 75.66 
Ages 0,1+ 116.04 21.24 0.00 3 86.73 
Constant 138.69 43.89 0.00 2 111.42 
DICK 
Ages 0,1,2,3,4-11,12+ 409.31 0.00 0.69 3 403.27 
Ages 0,1,2-11,12+ 411.49 2.18 0.23 3 405.45 
Ages 0,1,2,3,4+ 415.30 5.99 0.03 3 409.26 
Ages 0,1,2,3,4,5+ 415.72 6.41 0.03 3 409.68 
Ages 0,1,2,3,4,5,6+ 417.60 8.29 0.01 3 411.56 
Ages 0,1,2,3+ 417.69 8.38 0.01 3 411.65 
Ages 0,1,2+ 425.86 16.55 0.00 3 419.82 
All ages 0-27+ 432.33 23.03 0.00 3 426.29 
Ages 0,1+ 433.12 23.82 0.00 3 427.08 
Constant 515.46 106.16 0.00 2 511.44 
EABL 
Ages 0,1,2,3,4+ 154.16 0.00 0.20 3 134.23 
Ages 0,1,2,3,4,5+ 154.22 0.06 0.20 3 134.29 
Ages 0,1,2,3,4,5,6+ 154.64 0.48 0.16 3 134.71 
Ages 0,1,2,3+ 154.91 0.75 0.14 3 134.98 
Ages 0,1,2,3,4,5,6,7+ 155.23 1.07 0.12 3 135.30 
All ages 0-27+ 155.47 1.31 0.10 3 135.54 
Ages 0,1,2+ 156.59 2.43 0.06 3 136.66 
Ages 0,1+ 159.38 5.22 0.01 3 139.45 
Ages 0-3, then all ages 4-28+ 160.85 6.68 0.01 3 140.92 
Constant 179.62 25.46 0.00 2 161.72 
FISP 
Ages 0,1-7,8+ 111.53 0.00 0.59 3 87.73 
Ages 0,1-5,6+ 113.65 2.11 0.20 3 89.85 
All ages 0-27+ 116.33 4.80 0.05 3 92.53 
Ages 0,1,2,3+ 116.62 5.09 0.05 3 92.82 
Ages 0,1,2,3,4+ 117.16 5.63 0.04 3 93.37 
Ages 0,1,2+ 118.02 6.49 0.02 3 94.22 
Ages 0,1,2,3,4,5+ 118.35 6.82 0.02 3 94.55 
Ages 0,1,2,3,4,5,6+ 118.46 6.93 0.02 3 94.66 
Ages 0,1+ 119.84 8.31 0.01 3 96.04 




Supplemental Table 4.2 (cont.)      
Species Model AICc ΔAICc wi k Deviance 
GCWA 
Null-constant 81.66 0.00 0.16 2 -61.04 
Ages 0-12,13+ 82.41 0.75 0.11 3 -62.32 
Ages 0,1,2,3,4,5,6+ 82.50 0.83 0.11 3 -62.23 
Ages 0,1+ 82.56 0.89 0.10 3 -62.17 
Ages 0,1,2,3,4,5+ 82.60 0.94 0.10 3 -62.13 
Ages 0-11,12,13+ 82.87 1.21 0.09 3 -61.86 
Ages 0,1,2,3,4+ 82.93 1.27 0.09 3 -61.80 
Ages 0,1, 2+ 82.98 1.32 0.08 3 -61.74 
All ages 0-26,27+ 83.04 1.38 0.08 3 -61.69 
Ages 0,1,2,3+ 83.32 1.65 0.07 3 -61.41 
GRCA 
Ages 0,1,2-10,11+ 136.78 0.00 0.25 3 90.81 
Ages 0,1,2,3,4+ 137.33 0.55 0.19 3 91.36 
Ages 0,1,2,3,4,5+ 137.86 1.08 0.15 3 91.90 
Ages 0,1,2,3+ 138.24 1.46 0.12 3 92.27 
Ages 0,1,2,3,4,5,6+ 138.48 1.70 0.11 3 92.51 
Ages 0,1,2,3,4,5,6,7+ 139.08 2.30 0.08 3 93.12 
Ages 0,1,2+ 139.57 2.79 0.06 3 93.60 
All ages 0-27+ 141.33 4.55 0.03 3 95.37 
Ages 0,1+ 143.70 6.92 0.01 3 97.74 
Constant 175.46 38.68 0.00 2 131.54 
GWWA 
Ages 0,1,2,3,4,5,6+ 423.42 0.00 0.69 2 -457.54 
Ages 0,1,2,3,4,5+ 426.03 2.61 0.19 2 -454.93 
Ages 0,1,2,3-5,6+ 427.19 3.76 0.11 2 -453.78 
Ages 0,1,2,3,4+ 432.02 8.60 0.01 2 -448.94 
All ages 0-26, 27+ 434.84 11.41 0.00 2 -446.13 
Ages 0,1,2-11,12+ 434.84 11.42 0.00 2 -446.12 
Ages 0,1,2,3+ 436.50 13.07 0.00 2 -444.47 
Ages 0,1,2+ 442.67 19.24 0.00 2 -438.30 
Ages 0,1+ 456.56 33.14 0.00 3 -426.40 
Null-constant 493.79 70.36 0.00 2 -387.18 
INBU 
All ages 0-27+ 119.26 0.00 0.46 3 88.92 
Ages 0,1-6, then all 7-27+ 119.97 0.70 0.33 3 89.62 
Ages 0,1,2,3,4,5,6,7+ 122.11 2.85 0.11 3 91.77 
Ages 0,1,2,3,4,5,6+ 123.48 4.22 0.06 3 93.14 
Ages 0,1,2,3,4,5+ 125.02 5.76 0.03 3 94.68 
Ages 0,1,2,3,4+ 126.76 7.50 0.01 3 96.42 
Ages 0,1,2,3+ 129.38 10.11 0.00 3 99.03 
Ages 0,1,2+ 131.33 12.07 0.00 3 100.99 
Ages 0,1+ 134.48 15.22 0.00 3 104.14 
Constant 135.93 16.67 0.00 2 107.63 
MARW 
Ages 0,1-10,11-20,21+ 232.49 0.00 0.15 3 188.83 
Ages 0,1-10,11+ 232.55 0.05 0.15 3 188.88 
Null-constant 232.63 0.13 0.14 2 191.00 
Ages 0,1,2,3,4,5+ 233.20 0.70 0.11 3 189.53 
Ages 0,1,2,3,4+ 233.25 0.75 0.11 3 189.58 
Ages 0,1,2,3,4,5,6+ 233.31 0.81 0.10 3 189.64 




Supplemental Table 4.2 (cont.)      
Species Model AICc ΔAICc wi k Deviance 
 Ages 0,1,2,3+ 234.29 1.80 0.06 3 190.63 
 All ages 0-20+ 234.64 2.14 0.05 3 190.97 
 Ages 0,1,2+ 234.66 2.17 0.05 3 191.00 
NOCA 
Ages 0-2, 3-7, 8-14, 15-21, 22+ 159.86 0.00 0.66 3 -130.65 
Ages 0-2, 3-14,15+ 161.63 1.77 0.27 3 -128.88 
All ages 0-27+ 164.39 4.52 0.07 3 -126.13 
Ages 0,1,2,3,4,5,6+ 175.37 15.51 0.00 3 -115.14 
Ages 0,1,2,3,4,5+ 176.95 17.09 0.00 3 -113.56 
Ages 0,1,2,3,4+ 178.72 18.86 0.00 3 -111.79 
Ages 0,1,2,3,3 183.63 23.77 0.00 3 -106.88 
Ages 0,1,2+ 196.11 36.25 0.00 3 -94.40 
Ages 0,1+ 215.37 55.51 0.00 3 -75.14 
Null-constant 229.71 69.85 0.00 2 -58.79 
OVEN 
Ages 0-1,2-10,11+ 154.46 0.00 0.63 3 -235.44 
All ages 0-27+ 156.03 1.58 0.29 3 -233.87 
Ages 0-6,7-13,14+ 158.83 4.37 0.07 3 -231.07 
Ages 0,1,2,3,4,5,6+ 163.39 8.93 0.01 3 -226.51 
Ages 0,1,2,3,4,5+ 165.10 10.65 0.00 3 -224.80 
Ages 0,1,2,3,4+ 165.90 11.44 0.00 3 -224.00 
Ages 0,1,2,3+ 168.36 13.91 0.00 3 -221.54 
Ages 0,1,2+ 170.29 15.83 0.00 3 -219.61 
Ages 0,1+ 174.99 20.53 0.00 3 -214.91 
Null-constant 178.56 24.10 0.00 2 -209.33 
RWBL 
All ages 0-27+ 138.53 0.00 0.40 3 99.85 
Ages 0,1,2,3,4,5-7, then all ages 8-27,28+ 139.46 0.93 0.25 3 100.77 
Ages 0,1,2,3,4,5-7,8-9, then ages 10-27,28+ 139.72 1.18 0.22 3 101.03 
Ages 0,1,2,3,4,5,6+ 141.64 3.10 0.09 3 102.95 
Ages 0,1,2,3,4,5+ 143.68 5.15 0.03 3 105.00 
Ages 0,1,2,3,4+ 146.43 7.90 0.01 3 107.75 
Ages 0,1,2,3+ 150.05 11.51 0.00 3 111.36 
Ages 0,1,2+ 155.96 17.43 0.00 3 117.27 
Ages 0,1+ 163.22 24.68 0.00 3 124.53 
Constant 190.45 51.91 0.00 2 153.81 
WEWA 
Ages 0-3,4+ 146.78 0.00 0.21 3 -272.20 
Ages 0,1,2,3,4,5+ 147.63 0.85 0.13 3 -271.35 
Ages 0,1,2,3,4+ 147.69 0.91 0.13 3 -271.29 
Ages 0,1,2,3,4,5,6+ 147.91 1.13 0.12 3 -271.07 
Ages 0,1,2,3+ 148.48 1.71 0.09 3 -270.50 
Ages 0-4,5+ 148.52 1.74 0.09 3 -270.46 
Ages 0,1,2+ 148.81 2.04 0.07 3 -270.17 
Null-constant 148.86 2.09 0.07 2 -268.10 
All ages 0-27+ 149.68 2.90 0.05 3 -269.30 






Supplemental Table 4.3. Influence of the effects of mass on relationships between age at 
fledging, brood size, and nest mortality risk. The effect of mass was non-significant for all 
models and was subsequently dropped from the analyses.  
Model (response vs. independent variable)  t-value p-value 
Age at Fledging vs. Parental Benefits 0.006 0.38 0.711 
Nest Mortality Risk vs. Parental Benefits 0.000 0.41 0.691 







Supplemental Table 4.4. Comparison of results from our (original) general linear model (GLM) 
results and phylogenetic generalized least squares models (PLGS).  
Model Type Model (response vs. independent variable)  t-value p-value 
GLM Age at Fledging vs. Parental Benefits -50.812 -2.61 0.020 
PLGS Age at Fledging vs. Parental Benefits -35.194 -2.81 0.013 
GLM Nest Mortality Risk vs. Parental Benefits 1.165 11.32 <0.001 
PLGS Nest Mortality Risk vs. Parental Benefits 1.169 12.25 <0.001 
GLM Parental Benefits vs. Brood Size*Nest Mortality 0.317 5.08 <0.001 









Figure 4.1. Per-offspring daily survival rates of juvenile songbirds across the nesting and early 
post-fledging period. Survival rates show clear bottlenecks (>5% drop in survival) during the 
immediate days after fledging (“post-fledging bottleneck”, gray boxes). Dashed lines represent 





Figure 4.2. Per offspring daily survival rates of juvenile songbirds across the nesting and early 
post-fledging period. Survival rates show little to no bottleneck (<5% drop) in survival during 






Figure 4.3. Songbird offspring often fledge earlier than expected, when their risk of mortality is 
higher outside of the nest than in it. This earlier fledging can benefit parents, however, as 
spatially separating offspring can increase daily brood survival compared to a scenario where 
offspring remain in the nest. Therefore, differentials in nesting (i.e. broods stay in the nest) 
versus post-fledging (i.e. broods leave the nest) daily brood survival reflect fitness benefits 
parents accrue as a result of earlier fledging by offspring. As earlier fledging benefits parents 
while incurring a cost to individual offspring—implying conflict between the generations—
differentials in brood survival should also reflect parent-offspring conflict over fledging age. 
Across species (N = 18), differentials in daily brood survival show that (A) earlier fledging of 
offspring accrues greater fitness benefits to parents under higher risk of nest mortality, and (B) 
differences in parental benefits predict the age of fledging among species. Combined, these 
associations suggest that parent-offspring conflict mediates variation in the age of fledging 
among species. Post-fledging daily brood survival was averaged for the length of each species 






Figure 4.4. An interaction between daily mortality risk and brood size predict benefits to parents 
as a result of earlier fledging ages of offspring. Fitness benefits for parents reflect reduced 





Supplemental Figure 4.1. Preliminary results from a concurrent study on fledgling Brown-
headed Cowbirds suggest the age at which cowbirds fledge is associated with, and driven by, 
their host’s nestling period length; as demonstrated by the positive association between host and 
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CHAPTER 5: PARASITIC COWBIRD DEVELOPMENT UP TO FLEDGING AND 
SUBSEQUENT POST-FLEDGING SURVIVAL REFLECT LIFE HISTORY 
VARIATION FOUND ACROSS HOST SPECIES4 
Abstract 
Generalist avian brood parasites commonly serve as a model system to test for plasticity 
in offspring growth and behavior under various host environmental and parental regimes. While 
past research has provided compelling evidence that parasitic growth rates differ among hosts, 
the fitness consequences of such variation remain unclear. In hosts, carryover effects from the 
nesting to the post-fledging stage are critical in driving differential post-fledging survival within 
and among species, as well as the evolution of songbird life histories. Consequently, offspring of 
brood parasites may be subject to the same carryover effects and life history constraints observed 
in host species. Applying a pre- to post-fledging carryover effect framework to avian brood 
parasites may provide novel insights into parasite life histories as well as parasite-host 
interactions. We assessed the potential influence of host carryover effects on the development 
and survival of juvenile cowbirds using empirical data from 20 potential host species in east-
central, Illinois, USA. We found that life history variation among juvenile cowbirds reflects 
variation in tradeoffs between mortality risk and nestling period length as well as pre- to post-
fledging carryover effects found across host species. Cowbirds from host nests with higher 
mortality rates had shorter nestling periods, fledged with less developed wings, and exhibited 
higher rates of post-fledging mortality. Cowbird mass at fledging also predicted post-fledging 
 
4
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plural form to remain consistent with the version in review. Full citation: Jones, T. M, and M. P. Ward. In review. 
Parasitic cowbird development up to fledging and subsequent post-fledging survival reflect life history variation 





survival, but was not associated with other life history traits. Our results provide novel links 
between juvenile growth, development, and mortality that help to explain differential survival in 
parasitic young across host species. 
Introduction 
 Obligate interspecific brood parasitism is a life history strategy found across a variety of 
taxa (arachnids, birds, fishes, insects; Thorogood et al. 2019), whereby parasites avoid the 
energetic demands of raising their young by placing their eggs in host nests. The fitness costs of 
raising host young is often high and selects for defensive host adaptation, which in turn drives 
counter adaptations in the brood parasite and sets the scene for an evolutionary arms race 
between the brood parasite and its host(s) (Soler et al. 1994). Consequently, obligate brood 
parasites have commonly been used as a model system for improving our understanding of 
coevolutionary processes (Rothstein 1990, Soler 2014) and in providing key insights into 
constraints on the evolution of life history strategies (Kruger 2007, Louder et al. 2015). 
In songbirds many brood parasites are generalists, parasitizing nests across a variety of 
species rather than specializing on one particular host. Consequently, studies have used 
generalist brood parasites to test for plasticity in development in response to host-specific 
environmental and parental regimes (Remes 2010, Winnicki et al. 2021). While such studies 
have provided ample evidence that development of juvenile parasites varies among hosts (e.g. 
Kilpatrick 2002, Grim 2006, Remes 2010), the fitness consequences of such variation remain 
unclear. This is particularly true for the effect of nestling development on subsequent post-
fledging survival, a period for which little is known about avian brood parasites (Soler et al. 
2014). In hosts, the first weeks after leaving the nest are critical with respect to dynamics of 




life histories (Martin 2015, Martin et al. 2018, Jones and Ward 2020). If the same is true for the 
post-fledging period of brood parasites, then applying life history theories involving fledgling 
hosts to their brood parasites may provide novel insights into the consequences of brood parasite 
development and parasite-host interactions. For example, recent research has provided 
compelling evidence that wing development, locomotor performance, and age-specific mortality 
interact across juvenile life stages to shape life history characteristics among songbird species 
(Martin 2015, Martin et al. 2018). Such interactions ultimately culminate in critical pre- to post-
fledging carryover effects (Jones et al. 2017, Jones and Ward 2020), whereby variation in wing 
development (and associated flight ability; Jones et al. 2020a) across species drives differential 
survival during the subsequent post-fledging period. As generalist brood parasites lay their eggs 
across a variety of host species, their offspring may exhibit the same carryover effects and as a 
consequence, reflect life history variation observed across host species. Furthermore, fledgling 
cowbirds likely face the same predators as their hosts and like other juveniles and should gain 
benefits against predation from improved locomotor ability (Carrier 1996). Therefore, we would 
predict morphology-performance relationships in cowbirds to be similar to those found between 
wing development and flight ability within and across host species (Jones and Ward 2020). 
Whether brood parasites are subject to such carryover effects or have evolved to circumvent 
selection acting upon hosts (e.g. cowbird nestlings may develop faster or slower depending on 
their host; Winnicki et al. 2021), however, remains poorly understood and largely untested.  
As the most generalist avian brood parasite, the Brown-headed Cowbird (Molothrus ater; 
hereafter “cowbird(s)”) is an ideal system for testing the influence of host carryover effects on 
parasitic offspring. In addition to parasitizing more than 200 species, nestling cowbirds often 




proportion of the avian community in which they are present (Friedmann and Kiff 1985). 
Cowbirds are also reliant on host offspring to solicit sufficient food resources for growth (Kilner 
et al. 2004), and as such may be influenced by the behavior of both adult and juvenile hosts.  
Finally, cowbird parasitism appears to be non-random (e.g. Hahn et al. 1999, Strausberger and 
Ashley 2005). As such, examining relationships between rates of cowbird parasitism and 
development at fledging could provide key insights into host quality, host selection, the potential 
for specialization, nestling growth strategies, and mechanisms by which brood parasite may 
evolve (Curson et al. 2010, Remes 2010).  
We assessed the potential influence of host carryover effects on the nestling development 
and post-fledging survival of juvenile cowbirds using empirical data from 20 potential host 
species in east-central, Illinois, USA. A previous study in our system has provided compelling 
evidence that carryover effects of wing development drive life history variation across potential 
host species (Jones and Ward 2020). As such, we applied the same methods in Jones and Ward 
(2020) to evaluate potential carryover effects of wing development in nestling Brown-headed 
Cowbirds and their hosts. More specifically, we examined relationships between juvenile wing 
development at fledging, associated flight ability, and subsequent post-fledging survival both 
within cowbirds and among host species they successfully parasitized. Because the majority of 
past studies examining developmental rates and plasticity in brood parasites have focused on 
juvenile mass (Remes 2010), we also examined cowbird mass at fledging within the same 
carryover effect framework as wing development. We also examined relationships among nest 
mortality risk, nestling period length, and each phenotypic trait to see if mechanisms underlying 




differences in juvenile cowbird development at fledging and determine whether variation in 
development reflects carryover effects and life history variation found across host species.  
Materials and Methods 
Study areas and focal species 
From 2014 to 2019, we studied 20 co-existing host passerine species (see Supplemental 
Table 5.1 for the full species list, sample sizes, and summary statistics) and Brown-headed 
Cowbirds (see Supplemental Table 5.2 for samples sizes and summary statistics) breeding in the 
grasslands, meadows, shrublands, and forests of east-central Illinois, USA (~40°N). Flight ability 
for hosts and cowbirds was studied for 2 years (2017-2018).  
Nest predation risk and cowbird parasitism 
We studied host nests from April through August of each year by searching for and 
locating open cup nests and monitoring ~100 nest boxes established by ourselves and the 
Middlefork Audubon Society at Kennekuk County Park. We monitored mortality of nests and 
nestling period lengths by checking nests every 3 to 6 days (average 3 for open cup, 5 for cavity 
nests) and every 1 to 2 days as the predicted day of fledging approached. Each time we checked 
a nest, we also recorded whether a nest was parasitized or not to obtain estimates of community 
wise parasitism rates among hosts. We derived nestling period length by first determining the 
age of each juvenile at fledging and adding 1 (age 0 is the day of hatching). We then determined 
nestling period length by averaging values across all juveniles of a particular species (including 
cowbirds) and cowbirds from a specific host species (host specific nestling period lengths for 
cowbirds). To determine nest mortality, we assumed nest failure/predation when nests became 





Sampling juveniles and estimating wing development 
To estimate wing development in juvenile hosts and parasite, we captured and sampled 
all nestlings on the day of fledging. If nestlings had fledged before we arrived at the nest we 
searched for and captured them in the surrounding vegetation (Martin et al. 2018, Jones and 
Ward 2020) and in some cases we sampled nestlings on multiple days if they stayed past the 
predicted day of fledging. We banded each juvenile with a U.S. Geological Survey metal band, 
weighed them (±0.01 g), measured their right wing (“unflattened” wing chord; ±0.5 mm), tarsus 
(±0.01 mm), and took a digital photo of their extended right wing. All sampled juvenile in this 
study were processed by the same researcher.  
For each captured juvenile, we quantified wing development using the “index of wing 
emergence” (Jones et al. 2017, Jones et al. 2020a). In short, we uploaded wing photos into 
ImageJ (1997-2015) and used the measurement tool to measure the proportion of the feather 
emerged from the pin relative to the entire length of the feather (emerged + pin) for all primary 
feathers. We then calculated a final emergence value by averaging proportion estimates across all 
primary feathers. For more detail on this index see Jones et al. (2020a).  
While capturing and processing nestlings, we did our best to prevent potential effects of 
force fledging. If we force fledged nestlings, we processed them and then returned them to the 
nest so they could leave on their own time; we placed a bag over top of the nestlings for 5 to 10 
minutes, which was usually enough for them to calm down and remain in the nest.  
Post-fledging mortality 
For 9 of the 20 potential host and for the Brown-headed Cowbird, we radio-tagged and 
monitored the survival of fledglings up to 8 weeks after leaving the nest (Supplemental Table 




gradient in nestling period length (Jones and Ward 2020), however, all 9 species also represent 
potential hosts for cowbirds and 6 of the 9 species fledged cowbird offspring during our study. 
For each host brood that made it to fledging, we randomly selected one nestling and attached a 
small (0.3 to 1.0 g, depending on a species’ size) radio-transmitter via a leg harness constructed 
with elastic bead cord. One exception to this rule was in the Dickcissel (Spiza americana), where 
we tagged 1 to 3 individuals per brood (see Jones et al. 2017). As with host nestlings, we 
attached a small radio-transmitter to each cowbird that made it to fledging. In cases where 
multiple cowbirds made it to fledging in the same nest, we randomly selected one individual to 
tag. After juveniles fledged, we monitored survival every 1 to 3 days until they either dispersed, 
died, or their radio’s battery failed. We used a handheld Yagi and receiver to home in on signals 
and locate juveniles, and when we were unable to detect a signal, we spent at least 30 minutes in 
the adjacent habitat in an attempt to re-locate individuals (Jones et al. 2017).  
Statistical analyses 
Though we studied 20 potential host species, some species are unsuitable as hosts and are 
avoided by cowbirds. Unsuitable hosts are usually species that are significantly larger than 
cowbirds or species that are “rejectors” (Rothstein 1975), which respond to parasitism by 
removing cowbird eggs from their nests. As such, we calculated relative rates of cowbird 
parasitism and identified unsuitable hosts (those that are known rejectors and/or had ~0% 
parasitism; Supplemental Table 5.1). This left us with 12 host species capable of fledging 
cowbirds, but two of those species failed to fledge a cowbird over the course of our study. Thus, 
we focused our analyses on the remaining 10 species that were both capable of and actually 




For all species, we estimated daily nest mortality rates (DMR(s)) using the logistic 
exposure method (Proc Glimmix, SAS Institute, 1990; Shaffer 2004). For cowbirds, we only 
used survival records for which a cowbird egg and/or nestling was present in each host nest and 
calculated DMRs for cowbirds found in each host species. In this way, DMRs were applied at the 
species level for hosts and at the individual level for cowbirds based on their host nest. Current 
(Jones et al. Unpublished data) and previous nest camera work in our system and other nearby 
sites attribute >95% of nest failures in our study population to predation (primarily snakes, 
raccoons, squirrels, and weasels; Chiavacci et al. 2018). As such, our estimated DMRs should 
represent an accurate level of nest-predation risk for each species (e.g. Jones and Ward 2020, 
Jones et al. 2020b).  
 We estimated cumulative post-fledging mortality rates (PFM(s)) for species with radio-
tagged offspring using multi-state models in program MARK (White and Burnham 1999). In 
short, we assigned fledgling observations to either an alive or dead state and used transitions 
from alive to dead states to calculate cumulative rates of post-fledging survival up to age 27 (28 
days post-fledging); an age past which the vast majority of fledglings survived (>98%) and 
therefore reflects an appropriate and comparable point to estimate post-fledging mortality among 
species. We also incorporated age structures before deriving estimates (e.g. Supplemental Table 
5.3). For cowbirds, within host species samples size were too small to examine interspecific rates 
of post-fledging survival (Supplemental Table 5.2), so all individuals were pooled to obtain a 
single estimate. For more details on host age structures, how we determined them, and how we 
estimated PFMs see Jones et al. (2020b). For cowbirds age structures see Supplemental Table 




phoebe; Supplemental Table 5.1), however, results involving our post-fledging rates were 
qualitatively the same with or without the inclusion of the species (Jones and Ward 2020).  
For all captured juveniles, we estimated flight ability using drop tests from Martin et al. 
(2018). In short, we dropped each fledgling alongside a golf ball to obtain flight ability estimates 
based on acceleration (m s-2) that are comparable within and among species. Because our flight 
ability estimates were bounded by 0 and 9.8 (due to gravitational acceleration of the golf ball, 9.8 
m s-2), we rescaled estimates by diving them by 9.8. In this way, values fell between 0 and 1 and 
represented flight ability as a proportion of maximum flight ability, such that values of 0 
represent no flight ability and values of 1 represent the ability of sustained flight (i.e. the bird 
flew away). For more details on how we derived our estimates see Martin et al. (2018) and Jones 
and Ward (2020). Examples of our drop tests can be found at: https://doi.org/10.13012/B2IDB-
2044905_V1. 
 To assess pre- to post-fledging carryover effects among hosts (community level) and 
cowbirds (individuals from all hosts pooled) we examined links among juvenile phenotypic traits 
at fledging (wing development and mass), flight ability, and post-fledging mortality. 
Specifically, we assessed our data in a pre- to post-fledging carryover effect framework (see 
Jones and Ward 2020) by running the following models both among hosts and cowbirds: (1) the 
effect of nest mortality risk on nestling period length, (2) the effect of nestling period length on 
phenotypic traits at fledging, and (3) the effect of phenotypic traits at fledging on post-fledging 
mortality. In cowbirds, associations between phenotypic traits and post-fledging survival were 
examined in program MARK. Specifically, we examined the effect of phenotypic traits on 
mortality by applying fixed effects of wing development or mass to different combinations of 




determined our top model based on Akaike’s information criteria adjusting for small samples 
size (AICc; Burnham and Anderson 2002) and based our inferences on phenotypic traits on 
whether 85% confidence intervals overlapped zero (Arnold 2010). For the remaining models, we 
examined associations among host species using general linear models (Proc Glm, SAS Institute, 
1990) and in cowbirds using generalized linear models (Proc Glimmix, SAS Institute, 1990) with 
host species as a random effect. Lastly, to provide a functional link for traits and post-fledging 
survival, we examined relationships between juvenile wing development and flight ability among 
host species and cowbirds. Because our flight ability estimates were bounded by 0 and 1, we 
examined associations using generalize linear mixed models (Proc Glimmix, SAS Institute, 
1990) with a beta distribution (logit link function) and nest ID as a random factor.  
Comparative studies often use phylogenetic corrections to control for perceived lack of 
statistical independence among species (Felsentein 1985, Pagel and Harvey 1989), however, 
studies with low numbers of taxa (<20) often lack statistical power and produce inaccurate 
estimates of phylogenetic signal (Boettiger et al. 2012). As models only incorporated at max 10 
species and our past attempts to control for phylogeny produce qualitatively identical results 
(Jones and Ward 2020, Jones et al. 2020b), we did not apply phylogenetic corrections in this 
case.  
Results 
 We tested for whether wing development and mass at fledging differed for juvenile 
cowbirds (Fig. 5.1A) from different host nests and whether variation among cowbirds reflects 
life history variation and carryover effects observed across the host community. In host species, 
we found a negative relationship between host nestling period length and nest mortality risk ( = 




nestling period length and wing development at fledging ( = 0.033, t = 2.62, p = 0.031; Fig. 
5.1C). For host young, this in turn resulted in a gradient of wing development at fledging (Fig. 
5.1D) and differences in associated flight ability ( = 6.508, t = 12.49 , p < 0.001; Fig. 5.1E), 
which culminated in a negative relationship between wing development and post-fledging 
mortality ( = -1.044, t = -3.62 , p = 0.022; Fig. 5.1F). 
Phenotypic development up to fledging in juvenile cowbirds reflected associations among 
nest mortality, wing development, flight ability, and post-fledging survival found across host 
species. Like their hosts, nest mortality risk for cowbirds predicted the length of time juveniles 
remained in the nest ( = -9.739, t = -1.99, p = 0.052; Fig. 5.1B), or more indirectly, mortality 
risk influenced the nestling period length of host young, which in turn influenced the nestling 
period length of their cowbird siblings ( = 0.310 , t = 4.36 , p < 0.01; Fig. 5.2). Like post-
fledging mortality risk, results of this relationship were qualitatively the same with and without 
cowbirds fledging from Eastern Phoebe nests. Differences in developmental time for juveniles 
resulted in a positive relationship between cowbird nestling period length the wing development 
at fledging ( = 0.075, t = 5.51, p < 0.001; Fig. 5.1C). Cowbird wing development was positively 
associated with flight ability ( = 5.431, t = 6.09, p < 0.001; Fig. 5.1E), which in turn was 
associated with the negative relationship between wing development and post-fledging mortality 
(85% C. I. = -1.638 to -8.063; Fig. 5.1F).  
Unlike wing development, comparisons of host and cowbird life histories regarding mass 
at fledging were unclear. For hosts, the nestling period length did not predict juvenile mass at 
fledging ( = 0.912, t = 0.709, p = 0.491) nor did mass at fledging predict subsequent flight 
ability ( = -0.001, t = -0.05, p = 0.961) or post-fledging survival ( = 0.005, t =0.710, p = 




= 0.611, t = 0.97, p = 0.335) and mass at fledging did not predict juvenile flight ability ( = 
0.043, t = 1.76, p = 0.091). Mass at fledging was, however, negatively associated with post-
fledging mortality (85% C. I. = -0.001 to -0.127; Fig. 5.3) but was not positively associated with 
wing development at fledging ( = 6.236, t = 1.23 , p = 0.225 ). Though both wing development 
and mass predicted post-fledging mortality, wing development was included in the top model of 
our MARK analysis (Table 5.1).  
Discussion 
 Past research has documented great plasticity in the growth and development of 
generalist avian brood parasites (e.g. Kleven et al. 1999, Kilpatrick 2002), but we still know little 
about the subsequent fitness consequences of such plasticity (Soler et al. 2014). Our findings 
show that despite developmental plasticity in cowbirds (Kilpatrick 2002, Winnicki et al. 2021), 
differences in developmental rates do not circumvent the evolutionary forces driving life history 
variation across host species. Consequently, variation in wing development of juvenile cowbirds 
at fledging reflects tradeoffs between mortality risk and developmental time during the nesting 
stage as well as pre- to post-fledging carryover effects found among host species (Fig. 5.1). Like 
their hosts, cowbirds in safer nests exhibited longer nestling periods and had more time to 
develop, resulting in more developed wings. In turn, greater flight ability likely aided cowbirds 
against predation during the post-fledging period, resulting in lower mortality rates for 
individuals which fledged the nest with more developed wings. In essence, our findings suggest 
that though cowbirds may show plasticity in their developmental rates, their stage of 
development at fledging is ultimately constrained by the length of their hosts nestling period, 
resulting in a reaction norm of wing development across host nesting environments which has 




the case for carryover effects in their hosts, this reaction norm is both a cause and consequence 
of variation in age-specific mortality during the nesting and post-fledging stage (Martin et al. 
2018, Jones and Ward 2020). Our results therefore highlight novel links between juvenile 
growth, development, and mortality that may help explain variation in avian brood parasite life 
histories and differential survival across host species.    
 The majority of past studies examining development, phenotypic variation, and host 
quality in brood parasites have focused on juvenile mass (Remes 2010). Though historically 
links between juvenile mass and subsequent post-fledging survival in songbirds have been 
equivocal (Cox et al. 2014, Naef-Daenzer and Grüebler 2016, Jones et al. 2017), findings from 
our study clearly link mass to an estimate of fitness, and consequently, reinforce the importance 
of past research efforts. We note, however, that our findings suggest that wing development is a 
more important trait in terms of cowbird post-fledging survival, highlighting the need for 
research developmental plasticity of brood parasite wings and the inclusion of the trait alongside 
mass in future studies. Furthermore, our findings provide more questions than answers regarding 
variation in cowbird mass at fledging across host species. For example, while we found clear 
links with post-fledging survival, we did not find associations between mass and other life 
history characteristics (e.g. nest mortality risk, nestling period length) in our carryover effect 
framework, nor is mass a good predictor of flight ability (Jones et al. 2020a). This begs the 
following questions; how does plasticity in development rates interact with host nestling period 
length to determine variation in mass a fledging in cowbirds? What factors are responsible for 
differences in developmental rates? And what is the underlying mechanism linking a cowbird’s 
mass to post-fledging survival prospects? One explanation may be trade-offs between wing 




in a cowbirds case, the quality of their host parents) songbird offspring may prioritize wing 
development over mass to optimize their post-fledging survival prospects (e.g. Cheng and Martin 
2012). Indeed, the lack of a positive association between cowbird mass and wing development at 
fledgling leaves open the possibility of this relationship. Or alternatively, cowbird mass may 
reflect other morphological factors that influence post-fledging survival, such as wing 
musculature (Veasey et al. 2000, Jones et al. 2017). More research is needed to investigate 
potential trade-offs in trait development, as well as other factors driving host specific differences 
in mass (or related measures such as body condition) in juvenile cowbirds and associated rates of 
post-fledging mortality.  
 Though fledging age varies across host species, intraspecific differences only span about 
1-2 days, whereas cowbird fledging ages can span up to 4-5 days (Woodward 1983; Fig. 5.1C). 
Thus, our findings raise an important question as to why cowbird fledging ages vary among host 
species? Nesting mortality rates for cowbirds explains variation in fledging age, but as cowbirds 
are generalists it seems unlikely that their offspring have evolved the means to identify and 
adjust their fledging behavior in the presence of different host species. A more likely explanation 
for this variation is parasite-host offspring interactions during the nesting stage. In cases where 
hosts have shorter nestling periods, we may expect earlier fledging by host young to encourage 
or trigger earlier fledging by cowbirds; a mechanism similar to how host young are force fledged 
in response to human or predator disturbance. Or alternatively, conflict between host parents and 
young over when to fledge (e.g. Jones et al. 2020b) may translate to cowbird young, with host 
parents manipulating the age at which they leave. Both mechanisms could also facilitate fledging 
at older ages by encouraging cowbirds to stay in the nest longer or even return to the nest if they 




from a Red-winged Blackbird nest, only to return to the nest later that same day and stay for an 
additional 24 hours; all the while the host young remained in the nest (T. Jones personal 
observation). Thus, just as cowbirds use the presence of host young to procure greater food 
resources (Kilner et al. 2004), so too may cowbirds benefit from the presence of host young by 
better timing the age at which they fledge; resulting in a wider range of ages in which cowbird 
young leave the nest compared to host specific rates. 
Conclusions 
 Research on brood parasite-host systems have long recognized potential impacts on hosts 
and parasites on one another (Soler 2014). In our system, we show that generalist cowbirds are 
subject to some of the same selective pressures acting upon the nesting ecology of their hosts. In 
this case, young cowbirds reflect the same variation in egg/nestling mortality, nestling period 
length, and carryover effects of wing development found across host species which have direct 
links to fitness during the post-fledging period. Given that we only examine 20 potential host 
species out of the over 200 documented in the past literature, future research is needed to 
determine if our findings are in isolation or are applicable across a wide array of host 
communities breeding within the cowbird’s range. Furthermore, future research should test for 
the presence of carryover effects in other avian brood parasites (e.g. Cuculidae (cuckoos), 
Indicatoridae (honeyguides), Viduidae (indigobirds and whydahs); Mann 2017) and whether 
such effects reflect host life history variation in those systems. Lastly, given potential tradeoffs in 
cowbird growth between wing development and mass in some host species, the considerable 
variation in those traits at fledging (e.g. wing development varied twofold between host species), 




generalist brood parasites could advance our knowledge of factors driving the evolution of 
growth and development in birds (Remes 2006, Remes 2010).  
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Table 5.1. AICc model comparison phenotypic traits best describing rates of post-fledging 
mortality in Brown-headed cowbirds in east-central Illinois, USA, 2014-2019.  
Model AICc AICc wi k Deviance 
Top age + effect of wing development on ages 
0 and 1 175.86 0.00 0.50 6 163.46 
Top age + effect of wing development on ages 
0, 1, and 2 177.58 1.72 0.21 6 165.17 
Top age + effect of mass on ages 0 and 1 178.82 2.96 0.11 6 166.42 
Top age model (Ages 0,1,2,3-14,15+) 178.90 3.04 0.11 5 168.62 





Supplemental Table 5.1. Sample sizes and summary statistics (± standard error) of nest mortality, cumulative post-fledging mortality, 
length of the nestling period, wing emergence, and mass for 20 potential host species of the Brown-headed Cowbird in east-central 



































AMRO Turdus migratorius 19 *** *** *** 0.078 (± 0.020) *** 14.1 (± 0.1) 0.54 (± 0.02) 56.31 (± 0.85) 
BLGR Passerina caerulea 6 *** *** *** 0.072 (± 0.035) *** 11.0 (± 0.1) 0.52 (± 0.04) 21.07 (± 0.64) 
BRTH Toxostoma rufum 130 *** *** *** 0.059 (± 0.006) *** 11.7 (± 0.1) 0.28 (± 0.01) 45.02 (± 0.45) 
CACH Poecile carolinensis 8 *** *** *** 0.020 (± 0.011) *** 17.6 (± 0.1) 0.65 (± 0.01) 9.66 (± 0.18) 




136 *** *** *** 0.065 (± 0.006) *** 10.8 (± 0.1) 0.35 (± 0.01) 28.22 (± 0.20) 
HOWR Troglodytes aedon 73 *** *** *** 0.010 (± 0.002) *** 16.0 (± 0.1) 0.66 (± 0.01) 10.16 (± 0.05) 











7 2 9 *** 0.133 (± 0.056) *** 10.0 (± 0.1) 0.49 (± 0.01) 7.04 (± 0.13) 
CHSP Spizella passerina 20 6 15 *** 0.088 (± 0.023) *** 10.4 (± 0.2) 0.41 (± 0.02) 10.12 (± 0.21) 
COYE Geothlypis trichas 165 48 136 37 0.080 (± 0.007) 0.408 9.2 (± 0.1) 0.38 (± 0.01) 8.08 (± 0.05) 
DICK Spiza americana 454 117 298 102 0.080 (± 0.004) 0.667 8.2 (± 0.1) 0.26 (± 0.01) 14.78 (± 0.11) 




53 7 17 *** 0.089 (± 0.013) *** 9.8 (± 0.1) 0.32 (± 0.02) 27.16 (± 0.40) 
FISP Spizella pusilla 322 55 157 28 0.087 (± 0.005) 0.467 8.7 (± 0.1) 0.33 (± 0.01) 9.74 (± 0.07) 




100 21 45 *** 0.076 (± 0.009) *** 10.2 (± 0.1) 0.55 (± 0.01) 25.64 (± 0.40) 
RWBL Agelaius phoeniceus 271 59 104 41 0.081 (± 0.005) 0.488 11.0 (± 0.1) 0.48 (± 0.01) 28.05 (± 0.52) 
YBCH Icteria virens 34 7 16 *** 0.066 (± 0.013) *** 9.1 (± 0.1) 0.50 (± 0.02) 18.27 (± 0.32) 
YEWA Setophaga petechia 8 2 7 *** 0.088 (± 0.038) *** 10.0 (± 0.1) 0.42 (± 0.04) 8.6 (± 0.23) 
aNumber of nestlings that were radio-tagged and from which post-fledging mortality rates were derived  
bCumulative post-fledging mortality was derived from daily survival estimates based on fledgling age, multiplied out to 28 days post-fledging 





Supplemental Table 5.2. Sample sizes and summary statistics (± standard error) for Brown-headed Cowbird parasitism rates, nest 





































AMRO Turdus migratorius Cup 19 0.00 (± 0.00) *** *** *** *** *** *** 
BLGR Passerina caerulea Cup 6 0.00 (± 0.00) *** *** *** *** *** *** 
BRTH Toxostoma rufum Cup 130 0.00 (± 0.00) *** *** *** *** *** *** 
CACH Poecile carolinensis Cavity 8 0.00 (± 0.00) *** *** *** *** *** *** 




Cup 136 0.02 (± 0.02) *** *** *** *** *** *** 
HOWR Troglodytes aedon Cavity 73 0.00 (± 0.00) *** *** *** *** *** *** 











Cup 7 0.14 (± 0.13) *** 0 0 *** *** *** 
CHSP Spizella passerina Cup 20 0.10 (± 0.07) 0.050 (± 0.050) 1 1 11.0 (± 0.0) 0.56 (± 0.00) 31.43 (± 0.00) 
COYE Geothlypis trichas Cup 165 0.41 (± 0.04) 0.098 (± 0.013) 20 16 9.90 (± 0.14) 0.42 (± 0.02) 28.74 (± 0.63) 
DICK Spiza americana Cup 454 0.23 (± 0.02) 0.090 (± 0.009) 3 2 9.00 (± 0.58) 0.35 (± 0.11) 20.40 (± 2.89) 




Cup 53 0.51 (± 0.07) 0.084 (± 0.019) 6 5 10.67 (± 0.21) 0.53 (± 0.03) 28.25 (± 1.57) 
FISP Spizella pusilla Cup 322 0.09 (± 0.02) 0.157 (± 0.056) 2 2 9.50 (± 0.50) 0.27 (± 0.09) 26.80 (± 1.94) 








Cup 271 0.10 (± 0.02) 0.081 (± 0.017) 6 4 10.50 (± 0.34) 0.41 (± 0.05) 25.86 (± 1.88) 
YBCH Icteria virens Cup 34 0.32 (± 0.08) 0.052 (± 0.020) 6 3 10.17 (± 0.48) 0.45 (± 0.04) 23.28 (± 2.12) 
YEWA Setophaga petechia Cup 8 0.13 (± 0.13) *** 0 0 *** *** *** 
aValues were calculated from logistic exposure models for survival records where a cowbird egg or nestling was present 
bNumber of nestlings that were radio-tagged and from which post-fledging mortality rates were derived  
cAverage length of the nestling period determined by the age at which each juvenile fledged the nest 
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Supplemental Table 5.3. AICc model comparison of age structures best describing rates of post-
fledging mortality in Brown-headed cowbirds in east-central Illinois, USA, 2014-2019.  
Model AICc AICc wi k Deviance 
Ages 0,1,2,3-14,15+ 160.70 0.00 0.23 3 120.81 
Ages 0,1,2,3-11,12+ 160.73 0.03 0.23 3 120.84 
Ages 0,1,2,3,4+ 162.76 2.06 0.08 3 122.87 
Ages 0,1,2,3,4,5+ 163.27 2.57 0.06 3 123.38 
Ages 0,1,2,3+ 163.53 2.84 0.06 3 123.64 
Ages 0,1,2,3,4,5,6+ 164.26 3.57 0.04 3 124.37 
Ages 0,1,2+ 164.72 4.02 0.03 3 124.83 
All ages 1-27, 28+ 165.00 4.30 0.03 3 125.11 
Ages 0,1+ 168.33 7.63 0.01 3 128.44 






Figure 5.1. Phenotypic plasticity in wing development of fledgling Brown-headed Cowbirds (A) 
reflect factors driving life history variation among their how species in east-central Illinois, USA, 
2014-2019. For both host and cowbirds, higher nest mortality drove shorter nestling period 
lengths (B) and gave offspring less time to develop, resulting in a gradient of wing development 
across host species and cowbird offspring (C, D). Juveniles with less developed wings ultimately 
had poorer flight ability (E) and exhibited lower survival rates during the post-fledging period 
(F). In cowbirds, the impact of wing development was greatest during the first two days post-
fledging (F). Alpha codes for host species and standard errors for estimates are listed in 
Supplemental Table 5.2, and standard errors for cowbird estimates are listed in Supplemental 




Figure 5.2. Association between the host-specific nestling period lengths of juvenile Brown-
headed Cowbirds and nestling period lengths of their hosts in east central Illinois, USA 2014-
2019. Associations were the same whether (A) or not (B) the Eastern Phoebe (EAPH), which 







Figure 5.3. Probability of mortality for juvenile in relation to carryover effects of nestling mass 
at fledging for juvenile Brown-headed Cowbirds during the early post-fledging period in east-




Arnold, T. W. 2010. Uninformative parameters and model selection using Akaike’s Information 
Criterion. Journal of Wildlife Management 74: 1175-1178. 
Boettiger, C., G. Coop, and P. Ralph. 2011. Is your phylogeny informative? Measuring the 
power of comparative methods. Evolution 66: 2240-2251.  
Burnham, K. P., and D. R. Anderson. 2002. Model selection and multi-model inference. 
Springer. 
Carrier, D. R. 1996. Ontogenetic limits on locomotor performance. Physiological Zoology 69: 
467-488.  
Cheng, Y., and T. E. Martin. 2012. Nest predation risk and growth strategies of passerine 
species: grow fast or develop traits to escape risk? The American Naturalist 180: 285-
295. 
Chiavacci, S. J., T. J. Benson, and M. P. Ward. 2018. Linking landscape composition to 
predator-specific nest predation requires examining multiple landscape scales. Journal of 
Applied Ecology 55: 2082-2092. 
Cox, W. A., F. R. Thompson III, A. S. Cox, J. Faaborg. 2014. Post-fledging survival in passerine 
birds and the value of post-fledging studies to conservation. Journal of Wildlife 
Management 78: 183-193. 
Curson, D. R., C. B. Goguen, and N. E. Mathews. 2010. Community-level patterns of population 
recruitment in a generalist avian brood parasite, the brown-headed cowbird. Oecologia 
163: 601-612. 
Felsenstein, J. 1985. Phylogenies and the comparative method. American Naturalist 126: 1-25.  
141 
 
Friedman, H., and L. F. Kiff. 1985. The parasitic cowbirds and their hosts. Proceedings of the 
Western Foundation of Zoology 2: 226-304. 
Grim, T. 2006. Cuckoo growth performance in parasitized and unused hosts: not only host size 
matters. Behavioral Ecology and Sociobiology 60: 716-723. 
Hahn, D. C., J. A. Sedgwick, I. S. Painter, and N. J. Casna. 1999. A spatial and genetic analysis 
of cowbird host selection. Studies in Avian Biology 18: 204-217. 
Jones, T. M., and M. P. Ward. 2020. Pre- to post-fledging carryover effects and the adaptive 
significance of variation in wing development for juvenile songbirds. Journal of Animal 
Ecology 89: 2235-2245. 
Jones, T. M., M. P Ward, T. J. Benson, and J. D. Brawn. 2017. Variation in nestling body 
condition and wing development predict cause-specific mortality in fledgling Dickcissels. 
Journal of Avian Biology 48: 439-447. 
Jones, T. M., T. J. Benson, and M. P. Ward. 2020a. Does the size and developmental stage of 
traits at fledging reflect juvenile flight ability among songbirds? Functional Ecology 34: 
799-810. 
Jones, T. M., J. D. Brawn, I. J. Ausprey, A. C. Vitz, A. D. Rodewald, D. W. Raybuck, T. J. 
Boves, C. J. Fiss, D. J. McNeil, S. H. Stoleson, J. L. Larking, W. A. Cox, A. C. 
Schwarzer, N. P. Horsley, E. M. Trumbo, and M. P. Ward. 2020b. Parental benefits and 
offspring costs reflect parent-offspring conflict over the age of fledging among songbirds. 
Proceedings of the National Academy of Sciences USA 117: 30539-30546. 
Kilner, R. M., J. R. Madden, and M. E. Hauber. 2004. Brood parasitic cowbird nestling use host 
young to procure resources. Science 305: 877-879.  
142 
 
Kilpatrick, A. M. 2002. Variation in growth of Brown-headed Cowbird (Molothrus ater) 
nestlings and energetic impacts on their host parents. Canadian Journal of Zoology 80: 
145-153. 
Kleven, O., A. Moksnes, E. Roskaft, and M. Honza. 1999. Host species affects the growth rate of 
cuckoo (Cuculus canorus) chicks. Behavioral Ecology and Sociobiology 47: 41-46.  
Kruger, O. 2007. Cuckoos, cowbirds and hosts: adaptations, trade-offs and constraints 
Philosophical Transactions of the Royal Society B 362: 1873-1886.  
Louder, M. I. M., M. P. Ward, W. M. Schelsky, M. E. Hauber, and J. P. Hoover. 2015. Out on 
their own: a test of adult-assisted dispersal in fledgling brood parasites reveals solitary 
departures from hosts. Animal Behaviour 110: 29-37. 
Mann, C. F. 2017. A taxonomic review of obligate and facultative interspecific avian brood 
parasitism. Pages 61-92 in Avian Brood Parasitism: Behavior, Ecology, Evolution, and 
Coevolution (M. Soler, editor). Springer International Publishing AG, Cham, 
Switzerland.  
Martin, T. E. 2015. Age-related mortality explains life history strategies of tropical and 
temperate songbirds. Science 349: 966-969.  
Martin, T. E., B. Tobalske, M. M. Riordan, S. B. Case, and K. P. Dial. 2018. Age and 
performance at fledging are a cause and consequence of juvenile mortality between life 
stages. Science Advances 4: eaar1988. 
Naef-Daenzer, B., and M. U. Grüebler. 2016. Post-fledging survival of altricial birds: ecological 
determinants and adaptation. Journal of Field Ornithology 87: 227-250. 
Pagel, M. D., and P. H. Harvey. 1989. Comparative methods for examining adaptation depend on 
evolutionary models. Folia Primatologica 53: 203-220. 
143 
 
Remes, V. 2006. Growth strategies of passerine birds are related to brood parasitism by the 
Brown-headed Cowbird (Molothrus ater). Evolution 60: 1692-1700.  
Remes, V. 2010. Explaining postnatal growth plasticity in a generalist brood parasite. 
Naturwissenschaften 97: 331-335. 
Rothstein, S. I. 1975. An experimental and teleonomic investigation of avian brood parasitism. 
Condor 77: 250-271.  
Rothstein, S. I. 1990. A model system for coevolution: avian brood parasitism. Annual Review 
of Ecology and Systematics 21: 481-508. 
Shaffer, T. L. 2004. A unified approach to analyzing nest success. Auk 121: 526-540. 
Soler, M. 2014. Long-term coevolution between avian brood parasites and their hosts. Biological 
Reviews 89: 688-704. 
Soler, M., L. de Neve, G. Roncalli, E. Marcias-Sanchez, J. D. Ibanez-Alamo, and T. Perez-
Contreras. 2014. Great spotted cuckoo fledglings are disadvantaged by magpie host 
parents when reared together with magpie nestlings. Behavioral Ecology and 
Sociobiology 68: 333-342. 
Soler, M., J. J. Soler, J. G. Martinez, and A. P. Moller. 1994. Micro-evolutionary change in host 
response to a brood parasite. Behavioral Ecology and Sociobiology 35: 295-301. 
Strausberger, B. M., and M. V. Ashley. 2005. Host use strategies of individual female brown-
headed cowbirds Molothrus ater in a diverse avian community. Journal of Avian Biology 
36: 313-321. 
Thorogood, R., C. N. Spottiswoode, S. J. Portugal, and R. Gloag. 2019. The coevolutionary 




Veasey, J. S., D. C. Houston, and N. B. Metcalfe. 2000. Flight muscle atrophy and predation risk 
in breeding birds. Functional Ecology 14: 115-121. 
White, G. C., and K. P. Burnham. 1999. Program MARK: survival estimation from populations 
of marked animals. Bird Study 46: 120-139. 
Winnicki, S. K., B. M. Strausberger, N. D. Antonson, D. E. Burhans, J. Lock, A. M. Kilpatrick, 
and M. E. Hauber. 2021. Developmental asynchrony and host species identity predict 
variability in nestling growth of an obligate brood parasite: a test of the “growth-tuning” 
hypothesis. Canadian Journal of Zoology 99: 213-220.  
Woodward, P. W. 1983. Behavioral ecology of fledgling Brown-headed Cowbirds and their 




CHAPTER 6: SUMMARY  
 Evidence accumulated over recent decades has implicated age-specific mortality as a 
critical factor shaping life histories, with mortality of dependent young having a particularly 
strong influence. Indeed, early life history stages—when juveniles are often in periods of 
transition—are frequently associated with high rates of juvenile mortality; during which time 
juveniles are often underdeveloped and inexperienced, making them more susceptible to sources 
of mortality. Therefore, by determining evolutionary and ecological drivers of juvenile survival, 
we may enhance our understanding of links among selective pressures, juvenile developmental 
processes, and expression of life history traits. Consequently, the overarching goal of my 
research was to provide greater insight into how age-specific mortality of juveniles drives 
variation in life history traits within and across songbird species. More specifically, my research 
examined nesting and post-fledging survival across a community of songbirds using the 
morphology-performance-fitness paradigm and a pre- to post-fledging carryover effect 
framework.  
To study age-specific juvenile mortality in a morphology-performance-paradigm, an 
important first step is to assess relationships between juvenile morphologies and ecologically 
relevant measures of performance. Thus, in Chapter 2 I examined links between juvenile 
morphological traits (e.g. mass, wing metrics, tarsus length, etc.) and flight ability among 13 
coexisting songbirds in east-central Illinois, USA. Over two field seasons I sampled 995 
nestlings, and as expected, found a positive relationship between wing metrics and juvenile flight 
ability within and across all species. Among potential wing morphologies, wing development—
the degree to which flight feather have emerged from their shafts—was the strongest, most 
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consistent predictor of flight ability for all species. My results therefore highlight the importance 
of wing development for the flight ability of juvenile songbirds. 
By linking wing development to juvenile flight ability, my research had taken the first 
step of the morphology-performance-fitness paradigm. Thus, in Chapter 3 I took the next step by 
incorporating my wing development index into a pre- to post-fledging carryover effect 
framework. To do so, I monitored 2228 songbird nests and radio-tagged 338 fledglings from 20 
coexisting species to estimate rates of nesting and post-fledging mortality, which I used to 
examine associations among nest mortality risk, nestling period length, juvenile development at 
fledging, and subsequent post-fledging survival. Results from my research provide evidence for 
pre- to post-fledging carryover effects within and among species, with individuals with greater 
wing development exhibiting lower post-fledging mortality rates. My findings also suggest that 
carryover effects at the species level shape patterns of life history variation found among species. 
Specifically, I found that species with lower rates of nest predation had longer nestling periods, 
more developed offspring at fledging (more developed wings), and exhibited lower rates of post-
fledging mortality.  
By estimating nesting and post-fledging mortality for the purpose of evaluating carryover 
effects, my research also allowed me to directly compare the two parameters within each species. 
Past songbird research has studied either one stage or the other, but few have compared survival 
during the two stages, even though such rates may have important implications for aspects of 
avian ecology. One such aspect is the age at which songbird offspring leave the nest. Theory 
predicts the songbird offspring should optimize their survival by leaving when nesting and post-
fledging is roughly equally. Surprisingly, however, results from my research show a steep 
decline in juvenile survival upon leaving the nest—what is known as a post-fledging 
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bottlenecks—for most species.  Furthermore, past research has shown that songbird offspring 
benefit in terms of development and survival by staying in the nest longer, which begged the 
question: If offspring are safer and benefit by staying in the nest, why then, do they fledge so 
early? For Chapter 4 I spearheaded a collaborative effort with researchers from the University of 
Illinois at Urbana-Champaign, University of Florida, Florida Fish and Wildlife Research 
Institute, Massachusetts Division of Fisheries and Wildlife, University of Tennessee, Arkansas 
State University, State University of New York, Indiana University of Pennsylvania, and the 
Cornell Lab of Ornithology to answer this question using data from 18 different species across 8 
studies in the continental USA. Specifically, we compared estimates of fitness for songbird 
offspring (individual survival) and their parents (brood survival) to see which party benefited 
from the age at which offspring fledge. For 67% of the species we examined, we found the same 
post-fledging bottleneck found across my study, and for all species brood survival was higher 
outside of the nest than inside at the average age of fledging. Thus, results from our research 
suggest that songbird parents—as a results of parent-offspring conflict—manipulate their 
offspring into fledging early for their own benefit, even at the cost of survival for each of their 
individual offspring, resulting in post-fledging bottlenecks.  
Finally, in Chapter 5 I examined whether pre- to post-fledging carryover effects found 
among the species I examined translated to offspring of brood parasitic cowbirds. Brown-headed 
Cowbirds are an iconic example of avian brood parasites, laying their eggs in host nests of over 
200 species. The post-fledging ecology of this brood parasite remains largely unstudied, 
however, making it unclear if brood parasitic offspring are subject to the same selective forces 
driving life history variation among their host siblings. Furthermore, estimates of post-fledging 
survival for cowbird offspring across host species could help inform adaptive host selection of 
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avian brood parasites. Consequently, I monitored the nesting and post-fledging survival of 39 
radio-tagged cowbird offspring, and rates of cowbird parasitism across 12 host species to test for 
pre- to post-fledging carryover effects in the Brown-headed Cowbird. My results show that 
cowbird offspring mirror patterns of survival and carryover effects found across their host 
species; individuals with longer nestling periods were more developed at fledging and exhibited 
higher survival rates during the post-fledging period. Additionally, my findings show the 
potential and need for future post-fledging research on avian brood parasites, which may aid in 
improving our understanding of host quality and selection in brood parasites.  
Overall, results from my research highlight the significance of wing development as a 
key factor generating pre- to post-fledging carryover effect within and among songbird species, 
and demonstrate how morphological traits, locomotor performance, and age-specific survival 
may trade-off and interact across juvenile life stages to shape avian life histories. My research 
also demonstrates how these effects translate to brood parasites that lay their eggs in other 
songbirds’ nests, with their offspring being subject to the same selective forces and patterns seen 
among host species. Lastly, findings from my research suggest that parent-offspring conflict and 
associated parental benefits explain variation in fledging age among songbird species and why 
post-fledging bottlenecks occur. Ultimately, my research demonstrates the importance of age-
specific mortality and other factors—carryover effects and parent-offspring conflict—that 
mediate patterns and variation in life histories found across songbird species.  
 
